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ABSTRACT 
 
GRASS-SPECIFIC MECHANISMS OF IRON UPTAKE: INVESTIGATION OF 
PHYTOSIDEROPHORE TRANSPORTERS AND DISCOVERY OF NOVEL 
IRON DEFICIENCY LOCI 
 
SEPTEMBER 2018 
DAVID CHAN-RODRÍGUEZ, B.S., INSTITUTO TECNOLÓGICO DE MÉRIDA, 
MÉXICO 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Elsbeth L. Walker 
 
 
 
 
 
Iron-deficiency anemia is one of the most prevalent forms of malnutrition 
worldwide, affecting 1.62 billion people, with the population in developing countries 
being the most affected. Iron is equally vital in plants to perform essential functions such 
as photosynthesis. Crop grasses form part of everyday human nutrition, contribute 
fundamentally to human caloric intake, and, in some parts of the world, are the primary 
source of food. Grasses acquire iron from the soil by secreting chelator molecules called 
phytosiderophores to solubilize iron, making it available to be transported by the Yellow 
Stripe1 (YS1) transporter. 
In this dissertation, I studied aspects of primary iron uptake: specifically the 
mechanism of phytosiderophores secretion in the model grass Brachypodium distachyon 
and the staple crop Zea mays. I characterized brachypodium TOM1 transporters to 
uncover how phytosiderophores are released to the soil. I generated transgenic 
brachypodium plants over-expressing the Transporter of Mugineic Acid fused with Green 
Fluorescence Protein (BdTOM1-GFP) to analyze phenotypes of BdTOM1 overexpression 
vii 
 
and the localization of the BdTOM1 protein. I evaluated the effect of iron status on 
BdTOM1 transporter expression showing that BdTOM1 expression is up-regulated during 
iron deficiency in both shoots and roots. The expression of BdTOM1 did not follow a 
diurnal regulation pattern as phytosiderophores secretion in brachypodium. 
Unfortunately, the transgenic lines generated were not optimal for analyzing phenotype 
and characterizing BdTOM1 function 
Another aim of this dissertation was to identify the underlying mutant gene 
causing the yellow stripe 3 (ys3) phenotype in maize.  Multiple lines carrying ys3 alleles 
were analyzed at the ZmTOM1 locus, and deleterious mutations were found in each ys3 
allele. These results bring closure to the quest for the transporter responsible for 
phytosiderophores secretion and complete the final piece in the primary iron uptake 
model. Additionally, 32 previously uncharacterized yellow-striped mutants from the 
Maize Genetics Cooperation Stock Center were screened by performing 
complementation tests with the maize mutants ys1 and ys3. These experiments led to the 
identification of novel maize yellow-striped ys* mutants, and further analysis revealed 
that low iron content in leaves caused the chlorotic (yellow-striped) phenotype. 
Complementation tests among the ys* mutants showed that they are not allelic, and each 
one represents a novel locus contributing to iron deficiency chlorosis in maize. The 
characterization and cloning of ys* genes could expand our knowledge of the grass-
specific machinery for iron acquisition. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Background 
Iron is an essential micronutrient in all organisms, and it is involved in many 
critical cellular processes such as respiration and photosynthesis. The chemical properties 
of this transition metal allow it to form part of catalytic sites in redox enzymes. However, 
excess iron is toxic to cells as it leads to the production of free oxygen radicals. Thus, 
plants must maintain iron homeostasis within single cells as well as tissues by regulating 
uptake, translocation, and storage of this micronutrient to preserve functions (Conte and 
Walker, 2011). 
In humans, iron is equally as important as in plants, and an iron-poor diet results 
in anemia, mainly affecting children and pregnant women in developing countries 
(McLean et al., 2009). Since staple crops are a primary source of iron for humans, 
adequate levels of this micronutrient in the edible parts are essential for human nutrition 
(Hirschi, 2009). 
Most of the world’s staple crops are grasses and understanding how iron 
homeostasis works is essential for developing strategies for iron biofortification. 
Biofortification is the enhancement of nutritional value in edible parts of a plant through 
breeding, agronomy techniques or genetic engineering. Iron biofortification could help to 
alleviate iron malnutrition in people by improving the nutritional quality of the crops they 
eat. 
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1.2 Iron acquisition in plants 
Iron is an abundant mineral in soils; however, it is present as insoluble 
hydroxides, especially in calcareous soils, limiting its availability to plants. In plants, leaf 
chlorosis is an indication of iron deficiency and indicates a reduction in photosynthesis, 
which negatively affects crop yield (Guerinot and Yi, 1994). 
Plants have evolved two different strategies to acquire iron (Figure 1). 
Dicotyledonous and non-graminaceous plants use strategy I to take up iron. In 
Arabidopsis thaliana, a proton-ATPase acidifies the rhizosphere by pumping out protons, 
increasing iron(III) solubility. Once iron(III) is solubilized, the ferric reductase oxidase 
(FRO2) converts iron(III) to iron(II), and the iron-induced transporter 1 (IRT1) takes up 
iron(II) into the root cells. Strategy II is a chelation-based mechanism in which molecules 
called phytosiderophores are secreted to sequester iron(III) and allow it to be taken up 
into the root by the specific membrane transporter Yellow Stripe1 (YS1) (Figure 1B) 
(Romheld, 1987).  
 
1.3 Iron acquisition in grasses: Strategy II 
In strategy II, phytosiderophores are released into the rhizosphere during iron-
deficient conditions to bind insoluble iron(III). These chelator molecules belong to the 
mugineic acid family phytosiderophores and increase the solubility of iron when they 
form hexadentate chelates with iron(III) (Tagaki et al., 1984). The soluble iron(III)- 
phytosiderophores complex is transported into root cells by the high-affinity iron(III)-
phytosiderophores membrane transporter Yellow Stripe1 (YS1) (Curie et al., 2001). The 
YS1 transporter was identified in the yellow stripe1 (ys1) maize mutant that is  
3 
 
 
 
 
Figure 1.1. Iron uptake strategies in plants.  
A) Strategy I is an acidification-reduction mechanism. B) Strategy II is a chelator-based 
mechanism. 
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characterized by the inability to take up iron(III)-phytosiderophores complexes, even 
though synthesis and secretion of phytosiderophores is unaffected (von Wiren et al., 
1994). 
Phytosiderophores are chemically different from bacterial and fungal siderophores 
(Miethke and Marahiel, 2007), and their synthesis is well-studied (Mori and Nishizawa, 
1987; Kawai et al., 1988a; Shojima et al., 1990; Ma et al., 1995; Takahashi et al., 1999; 
Kobayashi et al., 2001). In contrast to phytosiderophores biosynthesis and iron-
phytosiderophores uptake mechanism, the molecular mechanism of phytosiderophores 
secretion is still unclear. In several grass species, phytosiderophores are diurnally 
secreted, with release taking place several hours after sunrise (Zhang et al., 1991; Walter 
et al., 1995; Ma et al., 2003; Reichman and Parker, 2007b; Ueno et al., 2007; Nagasaka et 
al., 2009; Bernards et al., 2014). Interestingly, large numbers of vesicles accumulate in 
barley root cells just before the daily phytosiderophores release, suggesting exocytosis as 
a mechanism for phytosiderophores secretion (Nishizawa and Mori, 1987; Sakaguchi et 
al., 1999; Negishi et al., 2002).  To further support this idea, microarray analysis of iron-
deficient barley roots showed that the transcript levels of genes associated with polar 
vesicle transport increase in the early morning (Negishi et al., 2002). Experiments with 
the anion channel blockers anthracene-9-carboxylic acid and phenylglyoxal showed that 
they drastically reduce phytosiderophores secretion in barley roots (Sakaguchi et al., 
1999), suggesting that anion channels are potentially involved in loading 
phytosiderophores into secretory vesicles. The same study suggested that 
phytosiderophores secretion might be secreted by symport transport along with potassium 
One possibility could be anion channels in the plasma membrane transporting 
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phytosiderophores across the plasma membrane. Major Facilitator Superfamily 
transporters have been reported to be secondary active transporters (Law et al., 2008) and 
a member of this family of transporters, with phytosiderophores efflux activity, were 
recently identified in rice and barley and called Transporter of Mugineic Acid (TOM1) 
(Nozoye et al., 2011).  
 
1.4 Phytosiderophores as internal metal chelators 
Phytosiderophores not only chelate iron outside the plant, to solubilize iron, but 
also acts as an internal chelator (Nishiyama et al., 2012). Additionally, nicotianamine , 
which is an amino acid and precursor of phytosiderophores, can serve as an internal 
transporter of metals such as iron, manganese, copper and zinc (Anderegg and Ripperger, 
1989), facilitating movement through the plant. By chelating iron, nicotianamine 
minimizes the toxic effects of iron in cells, since iron-nicotianamine is a poor Fenton 
reagent (von Wirén et al., 1999; Hell and Stephan, 2003). Fenton reaction occurs when 
hydrogen peroxide (H2O2), produced by the cell, reacts with transition metals such as iron 
leading to the formation of hydroxyl radicals which are highly harmful to the cell. 
Once the iron complex is taken up into root cells, it is mobilized from the 
epidermis to the xylem, where iron travels to above-ground tissues. In the xylem, the pH 
is slightly acidic, ranging from 5 to 6.5 (López-Millán et al., 2000; López-Millán et al., 
2001); iron needs to be bound to a chelator to avoid precipitation. Analysis of xylem sap 
of some graminaceous plants showed that barley, maize, and rice contain citrate, 
nicotianamine, mugineic acid and 2-deoxy-mugineic acid (Ariga et al., 2014). Similarly, 
other groups have reported the presence of phytosiderophores in the xylem sap of iron-
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deficient barley and rice (Alam et al., 2001; Kawai et al., 2001; Kakei et al., 2009; Ando 
et al., 2012). Regarding whether these compounds bind to iron in the xylem, Ariga and 
colleagues (Ariga et al., 2014), showed that both iron(III)-phytosiderophores and 
iron(III)-citrate complexes are present in xylem, with iron bound predominantly to 
citrate. 
 In contrast, the xylem sap of tomato, castor bean, and soybean contains citrate 
and nicotianamine (Ariga et al., 2014; Hazama et al., 2014). Iron is bound to citrate in 
two different forms, tri-iron(III), Fe3Cit3, and dinuclear iron(III), Fe2Cit2 in tomato, castor 
bean, and soybean (Rellán-Álvarez et al., 2010; Ariga et al., 2014), but iron in iron-
nicotianamine has not been detected in the xylem sap. In arabidopsis, the Ferric 
Reductase Deficient 3 (FRD3) transporter functions to efflux citrate into the xylem. The 
frd3 mutant shows a reduced amount of citrate and iron in  xylem exudate compared to 
wild type, as well as chlorosis and constitutive FRO2 activity (Durrett et al., 2007). In the 
stele of frd3 mutant roots, iron precipitates were observed (Green and Rogers, 2004), 
suggesting that citrate is required to solubilize iron. The localization of FRD3 in pericycle 
cells and its ability to transport citrate in xenopus oocytes support the function of loading 
citrate into the xylem. The frd3 phenotype is rescued by supplementing with citrate in the 
growth medium. The FRD3 ortholog in rice, FRD3-like transporter (FRDL1) has been 
identified, and the frdl1 mutant has a similar phenotype as the arabidopsis frd3, including 
iron precipitates in the stele and reduced levels of citrate and iron in the xylem (Yokosho 
et al., 2009). Citrate thus seems to play a crucial role in the xylem of both graminaceous 
and other plants, and even though phytosiderophores and iron(III)-phytosiderophores are 
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present in rice xylem, phytosiderophores by themselves may not be enough to 
compensate for the absence of citrate in the xylem. 
Once iron-chelator complexes reach the shoots, iron needs to be moved from the 
xylem to the symplast for distribution into leaf cells. In addition, transport through the 
phloem plays a critical role in allocating micronutrients to non-photosynthetic sinks 
where xylem transport is not active. In the phloem, nicotianamine has been suggested as 
the primary iron-chelator compound. Although iron-nicotianamine complexes have not 
been detected so far, iron(II)-nicotianamine complex formation is favored in the phloem 
where the pH is neutral to slightly acidic (von Wirén et al., 1999; Rellán‐Álvarez et al., 
2008). Nutrients move from older leaves to young leaves and reproductive tissues 
through the phloem, and disruption of nicotianamine synthesis affects iron mobilization 
from source to sink organs. Evidence of the role of nicotianamine in mobilizing iron is 
provided by the study of tomato mutant chloronerva (chln). The chln mutant cannot 
synthesize nicotianamine due to a mutation in the single nicotianamine synthase (NAS) 
gene and exhibits interveinal chlorosis in young leaves, but high iron accumulation in 
mature leaves (Ling et al., 1999; Herbik et al., 2001). The arabidopsis nasx4-2 loss-of-
function mutant has a phenotype similar to tomato chln, with higher iron content in 
mature leaves, but low iron content in younger leaves, as well as low iron in flowers 
(Schuler et al., 2012).  
The grass phloem seems to be different in this aspect. Analysis of phloem 
exudates of rice shows that the primary form of iron is iron(III)-deoxy-mugineic acid 
(Nishiyama et al., 2012). This analysis also reveals that nicotianamine is also present in 
rice phloem; however, nicotianamine binds to zinc instead of iron. This evidence 
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indicates that phytosiderophores play an essential role not only in iron acquisition, but 
also in long-distance transport and mobilization to different organs. 
Nicotianamine is present in graminaceous and other plants, unlike 
phytosiderophores, which occur only in graminaceous species. The role of nicotianamine 
as a metal chelator within the plant is well studied, but until recently, there were no 
reports of nicotianamine released out of the roots. Exposure to excess zinc, the hyper-
accumulator Arabidopsis halleri releases nicotianamine, possibly to bind to zinc and 
reduce its uptake (Tsednee et al., 2014). To combat heavy-metal toxicity, some plant 
species secrete organic acids such citrate and oxalate to avoid taking up toxic metals 
(Kochian et al., 2004; Zhu Xiao et al., 2011). The release of nicotianamine might be a 
special adaptation of A. halleri to deal with an excess zinc and confer tolerance. 
Interestingly, nicotianamine is not present in root exudates of barley and wheat (Tsednee 
et al., 2014) suggesting that nicotianamine detection in A. halleri root exudates is not 
false-positive results from damaged roots. 
In analogy to the role of phytosiderophores in strategy II for iron uptake, phenolic 
compounds and organic acids have been proposed to function as metal chelators in 
strategy I plants. Notably, phenolic compounds belonging to the coumarin family have 
been detected in root exudates of arabidopsis under iron deficiency, and the removal of 
these compounds from the medium increases leaf chlorosis under iron starvation 
(Fourcroy et al., 2013). The ATP-binding cassette transporter PDR9 is up-regulated 
during iron deficiency, and the pdr9 mutant does not secrete coumarins, thus increasing 
chlorosis during both iron-sufficient and iron-deficient conditions (Fourcroy et al., 2013; 
Schmid et al., 2014). However, the leaf chlorosis phenotype of pdr9 and mutants of the 
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coumarin biosynthetic pathway is only observed at alkaline pH (Schmid et al., 2014; Tsai 
et al., 2018). Coumarins can bind to iron(III), in addition to reducing iron(III) to iron(II) 
in vitro (Mladěnka et al., 2010). It is important to mention that the reductase activity of 
phenolic compounds is far lower than the enzymatic reductase activity (Römheld and 
Marschner, 1983). Both properties could increase the soluble iron pool in calcareous 
soils. If coumarins work as reducing agents and coupled with chelators are effective in 
iron uptake, then root exudates from iron-deficient arabidopsis should complement fro2 
mutants. However, such root exudates could not rescue the fro2 phenotype, indicating 
that coumarins are unlikely to have a strong role in iron reduction in the rhizosphere in 
Strategy I (Fourcroy et al., 2016). 
 
1.5 Internal phytosiderophores transporters 
Phytosiderophores serve as internal chelators for iron, copper, and zinc (Xuan et 
al., 2006; Ando et al., 2012; Nishiyama et al., 2012) and are present in both xylem and 
phloem. Therefore, transporters are needed to efflux and influx phytosiderophores into 
xylem and phloem, as well as to transport iron. In rice, the Yellow Stripe-Like family 
members OsYSL9, OsYSL15 (the rice ortholog of the maize YS1), OsYSL16, and 
OsYSL18 transport metal-phytosiderophores complexes (Inoue et al., 2009; Lee et al., 
2009a; Zheng et al., 2012; Senoura et al., 2017). OsYSL9 transports both iron(III)-deoxy-
mugineic acid and iron(II)-nicotianamine, and it is up-regulated during iron deficiency 
(Senoura et al., 2017). In roots, the OsYSL9 promoter activity is observed in the 
endodermis, cortex, and vascular cylinder. In contrast to the roots, OsYSL9 is highly 
expressed in leaves during iron-sufficient conditions and localized in mesophyll cells and 
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the vasculature. In seeds, OsYSL9 is localized in the scutellum and periphery of the 
endosperm (Senoura et al., 2017). The roots of OsYSL9 knock-down plants did not show 
a difference in iron content compared to non-transgenic roots, but iron in leaves was 
lower than in non-transgenic plants, indicating a possible function in iron translocation. 
Embryos of OsYSL9 knockdown lines have lower iron concentration compared to non-
transgenic embryos. The OsYSL9 expression pattern thus suggests a function in 
mobilizing iron-phytosiderophores internally (Senoura et al., 2017). 
OsYSL15 is orthologous to maize YS1, based on synteny, and transports 
iron(III)-deoxy-mugineic acid and iron(II)- nicotianamine (Lee et al., 2009a). The 
disruption of OsYSL15 leads to chlorosis under iron deficiency, as well as low iron in 
roots and leaves regardless of iron status in the medium. Seeds of OsYSL15 T-DNA 
knockout plants have low iron content. The OsYSL15 promoter activity was observed in 
all cell types in roots, including the epidermis, indicating the role of this protein in 
transporting iron-phytosiderophores from soil into root cells (Inoue et al., 2009; Lee et 
al., 2009a) as well as internally distributing iron in the plants.  
On the other hand, OsYSL16 expression is not affected by iron status (Lee et al., 
2012). The activity of the OsYSL16 promoter is detected in the vascular cylinder of both 
roots and leaves; thus OsYSL16 might not participate in primary iron uptake. In 
developing seeds, OsYSL16 promoter activity is observed in the embryo, endosperm, and 
seed coat. In OsYSL16 activation-tagging lines, the iron concentration is increased in 
shoots but decreased in roots compared to wild type, suggesting OsYSL16 is involved in 
iron translocation from root to shoots. Also, the rate of iron mobilization from seeds to 
shoots during germination is higher in activation-tagged plants than in wild type, 
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supporting the idea of a role for OsYSL16 in iron mobilization and distribution within the 
plant. OsYSL16 may also be associated with copper transport since the copper 
concentration is affected in older and younger leaves of knockout lines compared to wild 
type, while the iron level is not affected (Zheng et al., 2012). Also, OsYSL16 transports 
copper-nicotianamine, but not iron(II)-nicotianamine or copper-deoxy-mugineic acid; 
however, iron-phytosiderophores transport activity has not been tested (Zheng et al., 
2012).  
OsYSL18 is a plasma membrane transporter of iron(III)-phytosiderophores, and 
OsYSL18 is mainly expressed flowers, although expression is also detected in root and 
shoots at lower levels (Aoyama et al., 2009). Like OsYSL16, OsYSL18 expression does 
not depend on the iron status of the plant. The expression pattern of OsYSL18 in 
reproductive tissues suggests it is involved in iron mobilization to reproductive organs. In 
vegetative tissues, OsYSL18 shows activity in the crown, root crown, and laminar joints. 
Cross sectioning of the leaf sheath reveals details of activity in the cortex, phloem and 
companion cells, indicating a possible role for OsYSL18 in Fe distribution (Aoyama et al., 
2009). 
Similar to the necessity of mobilizing iron(III)-phytosiderophores complexes 
internally, phytosiderophores molecules need to be moved out to the soil to solubilize 
iron, helping in primary iron uptake. Also, phytosiderophores must travel to supply 
internal demand in specific tissues, such as xylem and phloem. The rice TOM1 
transporter effluxes deoxy-mugineic acid and may be involved in the secretion 
mechanism of phytosiderophores to the rhizosphere (Nozoye et al., 2011). TOM2, a 
homolog of TOM1, can efflux deoxy-mugineic acid and is up-regulated in roots during 
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iron deficiency. TOM2 promoter activity was detected in the root vascular cylinder and 
cortex during iron deficiency (Nozoye et al., 2015). In addition, TOM2 promoter activity 
is observed in vascular bundles in the shoots and phloem cells in the leaf sheaths, as well 
as in basal parts of the shoot (Nozoye et al., 2015). These results suggest a possible role 
for TOM2 in transporting of phytosiderophores into xylem and phloem. 
 
1.6 Phytosiderophore synthesis genes in crop grasses 
The phytosiderophores synthetic pathway is well-studied, and details of synthesis 
of the precursor molecule nicotianamine continuing all the way through to modification 
of 2-deoxy-mugineic acid and the production of several phytosiderophores have been 
characterized. In brief, phytosiderophores synthesis begins with transamination of 
nicotianamine by nicotianamine aminotransferase (NAAT) (Takahashi et al., 1999). This 
reaction produces an intermediate keto-form molecule which is transformed to 2-deoxy-
mugineic acid by deoxymugineic acid synthase (DMAS). In some species, e.g., barley, 
further hydroxylations of 2-deoxy-mugineic acid are performed by IDS2 (iron-deficiency 
specific clone 2) and IDS3 (iron-deficiency specific clone 3) to obtain 3-epihydroxy-
mugineic acid and mugineic acid, respectively (Nakanishi et al., 2000; Kobayashi et al., 
2001). 
In recent years, genes of the phytosiderophores synthetic pathway were identified 
and characterized in staple grasses other than rice and barley, two of the monocots used 
in early studies on iron uptake and homeostasis, leading to understanding the specific 
roles of the genes in iron homeostasis. In bread wheat, Triticum aestivum, there are six 
TaNAAT and three TaDMA genes (Beasley et al., 2017). The six TaNAAT genes are 
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separated into two groups, based on protein similarity to HvNAATA and HvNAATB. The 
analysis of expression patterns showed that TaNAAT1 genes are highly expressed in 
roots, but TaNAAT2 genes are up-regulated in shoots during iron starvation, suggesting 
TaNAAT1’s involvement in phytosiderophores synthesis for iron uptake, while 
TaNAAT2’s function may be to provide phytosiderophores for internal iron transport. 
Nicotianamine is the precursor of phytosiderophores, and nicotianamine synthase 
(NAS) is the enzyme responsible of synthesizing nicotianamine by polymerization of 
three molecules of S-adenosyl methionine (Higuchi et al., 1999). Twenty-one 
nicotianamine synthase TaNAS genes have been identified in bread wheat (Bonneau et 
al., 2016). The expression of 14 TaNAS genes increases during iron starvation, and they 
are expressed during early stages of growth (germination and seedling growth) as well as 
reproductive development, indicating the importance of NA as a metal chelator to 
distribute iron during these stages. 
In maize, nine ZmNAS genes have been identified, with three of them – ZmNAS1, 
ZmNAS2, and ZmNAS3 – well-characterized. The expression of both ZmNAS1 and 
ZmNAS2 is up-regulated in roots during iron-deficiency. On the other hand, ZmNAS3 is 
up-regulated during iron-sufficient conditions both in roots and leaves (Mizuno et al., 
2003). Since nicotianamine is necessary for metal transport in the whole plant, members 
of the NAS gene family could be playing a part not only in producing nicotianamine as a 
precursor for phytosiderophores synthesis but also in synthesizing nicotianamine to 
preserve iron and metal homeostasis. The nine ZmNAS genes are categorized into two 
classes according to their expression under iron excess and iron deficiency. (Zhou et al., 
2013). 
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1.7 Biofortification of staple crops 
Maize is one of the most important crops worldwide, and it represents the main 
source of food in many developing countries. However, staple crops like maize often 
contain low amounts of vitamins and minerals, including iron (White and Broadley, 
2009). To overcome mineral malnutrition, biofortification of staple crops to increase the 
nutritional value of edible parts of plants is a promising solution in principle.  
Biofortification of crops has been restricted by our limited knowledge of the 
molecular mechanisms controlling iron accumulation and deposition in the grain. 
Attempts to increase iron content have been promising, but these efforts have been 
focused on the small set of genes we know to be involved in iron homeostasis. These set 
of genes are mainly involved in the primary uptake of iron and phytosiderophores 
synthesis pathway, rather than transport into grains. Thus, additional information about 
genes involved in iron translocation as well as transport into the grain would allow to 
improve strategies to considerably increase iron in edible parts. For instance, the iron-
storage protein, ferritin, has been used in strategies to enhance iron accumulation in 
grains. Ferritin is an iron-storage protein (Briat and Lobreaux, 1998; Briat et al., 1999) 
that has been expressed in rice endosperm to increase iron and zinc content (Goto et al., 
1999). In maize, transgenic plants were made to express ferritin and phytase, an enzyme 
that degrades the anti-nutrient molecule phytic acid, in the endosperm. These plants had 
increased iron content and availability (Drakakaki et al., 2005) in the grain. However, 
phytase is heat-sensitive, and enzymatic activity is lost during grain processing. 
Other strategies for biofortification in grasses have focused on enhancing the iron 
uptake machinery by engineering key enzymes in this process. Enzymes involved in 
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phytosiderophores synthesis such as nicotianamine synthase (NAS), nicotianamine 
aminotransferase (NAAT) and iron-deficient clone 3 (IDS3) have been targets for crop 
nutritional improvement. Transgenic rice plants expressing HvNAAT from barley show 
increased tolerance to iron deficiency due to higher amounts of phytosiderophores 
secreted (Takahashi et al., 2001). However, when HvNAAT in combination with HvNAS1 
was introduced into rice, no increase in iron content in the seeds was observed (Suzuki et 
al., 2008). This result suggests that the identification of additional genes involved in 
mobilization and translocation within the plant is needed to develop additional strategies 
for the production of biofortified crops. 
Because nicotianamine can also function as an internal chelator of iron and other 
metals, engineering plants to increase expression of NAS genes has been one of the 
approaches to obtain elevated iron content. In rice, activation-tagged mutants with 
enhanced expression of OsNAS3 were shown to have increased iron levels in the grain 
(Lee et al., 2009b). Other studies using over-expression of NAS genes or targeting high 
NAS expression to the endosperm (Usuda et al., 2009; Johnson et al., 2011) have 
achieved similar results.  
 
1.8 Brachypodium as a model organism to study iron homeostasis 
For over three decades, arabidopsishas been extensively used to by plant scientist 
(Somerville and Koornneef, 2002). However, it is only distantly related to grass crops. 
Consequently, this eudicot model plant does not share features present in monocot 
grasses. Rice has served as a model organism for cereal crop research, but rice uses a 
combined mechanism for iron uptake, making it an outlier among grasses with respect to 
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iron homeostasis. Rice can take up iron using grasses’ strategy II, but rice also uses a 
mechanism similar to strategy I, which complicates the study of grass-specific 
mechanisms for iron uptake (Bughio et al., 2002; Ishimaru et al., 2006). Brachypodium is 
an annual plant that belongs to the Poaceae family, and – compared to arabidopsis – 
brachypodium is closely related to important domesticated grasses such as wheat, barley, 
rice, and maize. Characteristics such as a short life cycle, small size, small genome (272 
Mb), self-fertilization and simple growth requirements, have made brachypodium a good 
model system to study specific biological mechanisms occurring only in grasses 
(Brkljacic et al., 2011).  
Currently, brachypodium has a large repertoire of genetic and genomic resources 
such as a complete and well-annotated genome sequence, sequence-indexed T-DNA 
mutant lines, well developed Agrobacterium-mediated transformation protocols, 
molecular markers, linkage maps, physical maps, and a large germplasm collection 
(Garvin et al., 2008; Vogel and Bragg, 2009; The International Brachypodium et al., 
2010). These resources can be found at the Department of Energy Joint Genome Institute 
web site (https://jgi.doe.gov/our-science/science-programs/plant-
genomics/brachypodium/). Importantly, brachypodium has been established as a model 
system to study iron homeostasis in grasses (Yordem et al., 2011).  
Brachypodium has 19 YSL members, and it has been shown that iron status 
influences the expression of several of these YSL genes (BdYSL) in shoots and roots 
(Yordem et al., 2011). One of the BdYSL members, BdYS1A, has high amino acid 
sequence similarity to ZmYS1, HvYS1, and OsYSL15. Yeast functional 
complementation experiments showed that BdYS1A encodes a membrane transporter that 
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takes up iron(III)-deoxy-mugineic acid complexes into cells. The expression of BdYS1A 
is up-regulated in the roots during iron deficiency, while BdYS1A expression remains low 
in shoots despite iron-deficient conditions. Furthermore, brachypodium releases 
phytosiderophores diurnally with peak secretion between 4 and 6 hours after daybreak, 
and the main type of phytosiderophores released is 3-hydroxy-2′-deoxymugineic acid. 
 
1.9 Maize as a model system 
Zea mays (maize) is a model organism for crop research and genetics, with the 
first records of experiments dating back to the early nineteenth century. Maize has vast 
genetic and genomic resources, such as mutant stock collections from the Maize Genetics 
Cooperation Stock Center, which includes Ethyl methanesulfonate (EMS)-generated as 
well as transposable element-insertion mutants (Strable and Scanlon, 2009; Nannas and 
Dawe, 2015) for forward and reverse genetic approaches. Since the release of the 
complete maize genome assembly and annotation in 2009 (Schnable et al., 2009), 
continuous efforts have been made to improve genomic data resources, with the help of 
next-generation sequencing technologies, and a current assembled version has corrected 
misassemblies and gaps as well as updated annotations (Jiao et al., 2017). All these 
resources are available to the research community on the MaizeGDB data repository 
(http://www.maizegdb.org) (Lawrence et al., 2008; Andorf et al., 2016).  
Besides a plethora of genetic tools, the outcrossing nature of maize is one of the 
features that makes maize an excellent genetic model. The female (ear) and male (tassel) 
reproductive organs develop separately, so that crossing is simple and highly prolific, 
yielding a large number of crossed offspring per ear. Rice, barley, and wheat are self-
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pollinators, so flowers contain both female and male organs. To cross these plants, their 
flowers must be emasculated, a process that can be challenging, and not rewarding since 
the yield is one seed per flower.  Thus maize has advantages as a genetic model for 
grasses. The genome size of maize (2.3 GB) is large compared to the small rice genome 
(430 Mb), but small compared to barley (5.1 GB) and wheat (17 GB) (Eckardt, 2000; 
Schnable et al., 2009; The International Barley Genome Sequencing et al., 2012; 
Cattivelli et al., 2014). 
Even though many details of the iron homeostasis machinery have been learned 
from rice, one of the most essential aspects of grass iron uptake was discovered in maize. 
The Yellow stripe1 (Ys1) gene was cloned from the maize mutant ys1 (Curie et al., 2001), 
and it is the founding member of the Yellow-Stripe-Like (YSL) family of transporters. 
The YSL family of transporters is present not only in graminaceous species, but also in 
other kinds, such as arabidopsis, and numerous reports have shown their role in 
transporting iron(III)-phytosiderophores and iron(II)-nicotianamine, as well as other 
metal-nicotianamine complexes (DiDonato et al., 2004; Le Jean et al., 2005; Chu et al., 
2010). Another long-known maize mutant, ys3, cannot secrete phytosiderophores 
although phytosiderophores synthesis is apparently not affected (Wright, 1961). For a 
long time, the transporter involved in phytosiderophores secretion was unknown, and the 
ys3 mutant was vital to identify this missing piece (Chan-Rodriguez and Walker, 2018). 
In this study, I used both brachypodium and maize to gain information on 
phytosiderophores transport in grasses. To identify elements of phytosiderophores 
secretion, I studied the expression pattern and localization of brachypodium TOM1 
transporters. Moreover, I identified several novel alleles of maize ys3, which led to the 
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identification of the Ys3 gene as ZmTOM1. I also discovered, through the genetic 
screening of uncharacterized maize yellow striped mutants, at least three novel mutants 
with the potential to provide insight into iron homeostasis and elucidate aspects of plants’ 
complicated yet fascinating mechanism for dealing with iron acquisition and 
translocation. This dissertation provides brings new information, not only with respect to 
the missing element of grass iron acquisition but also on setting first leads to uncover 
new aspects of iron homeostasis in the crop model system, maize.   
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CHAPTER 2 
MATERIALS AND METHODS 
 
2.1 Brachypodium growth conditions 
Brachypodium inbred line Bd21-3 was used in this study (Vogel and Hill, 2008). 
For plate-grown plants, seeds were surface-sterilized in bleach solution containing 15% 
beach plus 0.1% Triton X-100 for 30 min, then rinsed 3 times with sterile distilled water 
for 1 min. Seeds were placed on half-strength Murashige and Skoog medium (½ X MS 
+iron) (Phytotechnology, Shawnee Mission, KS) with 0.05% MES, 0.8% agar, pH 5.8, 
and cold-treated in the dark at 4°C for 5 days to synchronize germination. Plates were 
positioned vertically to allow roots to grow along the agar surface to facilitate later 
movement of the plants. For iron deficiency treatment, iron was left out of the MS 
mixture (½ X MS -iron), while all other elements were kept the same. The ½ MS -Fe 
medium was prepared in the lab following the concentrations described by Murashige 
and Skoog (Murashige and Skoog, 1962) Soil-grown plants were sown in potting soil 
(Sun Gro Sunshine #8 / Fafard 2 Mix, Burton, OH) previously treated with Gnatrol 
(Valent Bioscience Corporation, Libertyville, IL). Growth chamber conditions for plate- 
and soil-grown plants were 20-hour light/ 4-hour dark and 14-hours light/ 10-hours dark 
at 20°C for long-day and short days, respectively. For Quantitative Real-Time PCR (Q-
RT-PCR) and protein analysis, plants were grown under long-days. Shoots and roots 
were harvested separately 15 days after germination and used for Q-RT-PCR and protein 
analysis. For phytosiderophores secretion and diurnal regulation of BdTOM1.1, plants 
were grown under short-day conditions (22°C light-18°C dark). 
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2.2. Phylogenetic analysis of TOM1-related proteins 
Multiple alignment of protein sequences was performed using Clustal W2. The 
neighbor-joining method was used to build unrooted protein trees using MEGA6 
(Tamura et al., 2013) with 1000 bootstrap replicates. This analysis included TOM1-like 
sequences of brachypodium (Bradi4g26380.1, Bradi4g43620.1, Bradi2g10017.2, 
Bradi2g10027.2, Bradi2g10800.2, Bradi4g26342.1, Bradi4g26354.1, Bradi4g26366.2, 
Bradi4g43580.2, Bradi4g43590.1), OsTOM1 (Os11g0134900), HvTOM1 (BAL15698.1), 
AtZIF1 (AT5G13740.1), AtZIFL1 (AT5G13750.1), AtZIFL2 (AT3G43790.1), and 
Physcomitrella patens (Phpat.016G058300.2, Phpat.025G022900.1). BdTOM1-like 
sequences were identified using OsTOM1 protein sequence as query in BLASTP of 
Phytozome Plant Comparative Genomic portal (https://phytozome.jgi.doe.gov) and NCBI 
database. Protein sequences were further examined to ensure that full-length protein 
sequences were obtained. 
 
2.3 Cloning of BdTOM1.1 and BdTOM1.2 and GFP translational fusion constructs 
The cDNA used to amplify full-length coding sequence of both BdTOM1.1 and 
BdTOM1.2 was obtained by Dennis DePaolo (Walker Lab). The full-length coding 
sequences of BdTOM1.1 (Bradi4g26380) and BdTOM1.2 (Bradi4g43620) were 
amplified from cDNA with BdTOM1.1-specific (4g26380-F and 4g26380.1-R) and 
BdTOM1.2-specific (4g43620-F and 4g43620.1-R) primer sets (Table 2.1) and cloned 
into pGEM-Teasy vector (Promega, Madison, WI). The stop codon was removed from 
reverse primers, so that no translation terminator was present in the amplified fragments. 
These clones were used as templates in PCR reactions to incorporate attB1 and attB5r 
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sites using gene-specific primers containing attB1 sequence in the forward primer and 
attB5r sequence in the reverse primer (Table 2.1; for BdTOM1.1, primers TOM1attb1F 
and TOM1attb5rR were used; for BdTOM1.2, primers MSF1attb1F and MSF1attb5rR). 
Amplification was performed by using Phusion High Fidelity DNA polymerase from 
NEB (New England Biolabs, Ipswich, MA), with cycling conditions of 95°C, 2 min, 
followed by 35 cycles of 95°C, 15 s, 60°C, 30 s, 72°C, 60 s and a final extension step at 
72°C for 10 min. 
BP reactions were performed between these PCR products and donor vector 
pDONR 221 P1-P5r (Life Technologies, Carlsbad, CA), to generate entry clones with 
attL1 and attR5 flanking BdTOM1.1 and BdTOM1.2, named TOM1-L1-R5 and MFS1-
L1-R5. The resulting entry clones contained attL1 and attR5 recombination sites. To 
generate BdTOM1.1-GFP and BdTOM1.2-GFP translational fusions, I performed two-
fragment multi-Gateway reactions between entry clones TOM1-L1R5 or MFS1-L1R5 
and entry clone emGFP-L5L2 into the pTK-UbiGate destination vector (vectors provided 
by Magdalena Bezanilla - http://www.bezanillalab.com/mossmethods.html). The 
resulting constructs were named pTK-BdTOM1-GFP-C for BdTOM1.1 and pTK-
BdMFS1-GFP-C for BdTOM1.2. 
To generate constructs to transform brachypodium calli, BdTOM1.1-GFP and 
BdTOM1.2-GFP fusions were moved from pTK-BdTOM1.1-GFP-C and pTK-BdMSF1-
GFP-C expression vectors, respectively. New entry clones were generated by BP 
reactions performed between donor vector pDONR222 (Life Technologies), containing 
attP1 and attP2 sites, and pTKBdTOM1.1-GFP or pTK-BdMSF1-GFP. The new entry 
clones contained BdTOM1.1-GFP or BdTOM1.2-GFP flanked by attL1 and attL2 sites. 
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Then, I performed two-fragment multi-Gateway reactions between the new entry 
clones, pEN-L4-UBIL-R1, and destination vector pHb7m24GW 
(https://gateway.psb.ugent.be). The pEN-L4-UBIL-R1 entry clone carries the maize 
ubiquitin promoter flanked by attL4 and attR1 sites, allowing Gateway recombination 
with the attL1 site at the 5’ end of the BdTOM1.1-GFP and BdTOM1.2-GFP fusions. 
Destination vector pHb7m24GW is a binary vector comprising attR4 and attR2 sites. 
Then Gateway assembly was carried out between attR4 at the 5’ end of the maize 
ubiquitin promoter and the attL2 site at the 3’ end of the GFP coding sequence. This 
Gateway reaction created constructs containing BdTOM1.1-GFP and BdTOM1.2-GFP 
sequences under the control of the maize ubiquitin promoter, named pHb7-BdTOM1-
GFP-C and pHb7-BdMFS1-GFP-C, respectively. 
 
2.4 Agrobacterium tumefaciens-mediated transformation 
Agrobacterium tumefaciens AGL1 (Lazo et al., 1991) competent cells were 
prepared from a 5 mL LB (10 g/L tryptone, 5 g/L yeast extract, and 0.5 g/L NaCl) 
containing carbenicillin (50 mg/L) overnight culture grown at room temperature. The 
overnight culture was diluted into 200 mL of LB medium, and this was grown until it 
reached an optical density (OD600) between 0.6 to 0.7. The cells were collected at 3000 x 
g at 4°C and resuspended in 10 mL of pre-chilled TE (10 mM Tris-HCl pH 8, 1 mM 
EDTA pH 8) buffer. A second centrifugation step was performed as previously, and the 
cell pellet was resuspended in 20 mL of LB. Aliquots of 500 µL were prepared and 
frozen in liquid nitrogen to be stored at -80°C. 
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Agrobacterium competent cells were transformed by the freeze-thaw method with 
construct pHb7-BdTOM1-GFP-C and pHb7-BdMFS1-GFP-C. First, 200 µL of 
agrobacterium competent cells were mixed with 1 µg of plasmid and incubated in ice for 
5 min. Then, the mix was placed in liquid nitrogen for 5 min., followed by incubation at 
37°C for 5 min. Then, 1 mL of LB medium was added, and the cells were incubated for 4 
hours at room temperature. Finally, 150 µL of cell suspension was plated on LB medium 
with spectinomycin (100 µg/mL) and kept at room temperature. Transformed colonies 
appeared after 2 to 3 days of incubation. 
 
2.5 Brachypodium callus initiation 
Callus initiation was performed as described previously (Vogel and Hill, 2008). 
Briefly, immature seeds were collected from 5-week-old plants and surface-sterilized in 
15% bleach, 0.1% triton X-100 solution for 4 min., then rinsed three times with sterile 
distilled water to remove bleach residue. The palea and lemma were removed from the 
seeds before embryo isolation. Embryos were dissected from immature seeds and 
incubated on callus initiation medium (CIM) for 4 weeks in the dark at 28°C. CIM 
medium contains 4.43 g/L Linsmaier and Skoog (LS) basal salts (Phytotechnology), 30 
g/L sucrose, 2.4 µM CuSO4, and 11.25 µM 2-4 D (Phytotechnology), plus 2.5 g/L 
phytogel (Sigma-Aldrich, St. Louis, MO), pH 5.8. After an initial 4-week incubation, 
calli were broken into small pieces and transferred to fresh CIM medium to incubate for 2 
weeks in the dark at 28°C. Calli were subcultured one additional time and incubated on 
CIM for a week before transformation. 
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2.6 Brachypodium callus transformation 
Brachypodium callus transformation was performed as described previously 
(Vogel and Hill, 2008). Briefly, calli were co-cultivated with agrobacterium carrying 
pHb7-BdTOM1-GFP-C or pHb7-BdMFS1-GFP-C constructs for 3 days in the dark at 
22°C.  After co-cultivation, calli were transferred to CIM medium containing hygromycin 
(40 µg/mL) and timentin (150 µg/mL) for 3 to 4 weeks in the dark at 28°C. Healthy 
hygromycin-resistant calli were moved to regeneration medium (4.33 g/L LS basal salts, 
30 g/L maltose, and 2.5 g/L phytogel, pH 5.8) containing kinetin (0.2 µg/mL), timentin 
(150 µg/mL) and hygromycin (40 µg/mL) for 4 weeks under short-days at 28°C. Once 
plantlets (T1) developed, they were moved to MS medium (MS basal salts, 30 g/L 
sucrose, and 2.5 g/L phytogel, pH 5.7) and grown until roots formed. Plants were 
transplanted to soil and covered with plastic domes to keep the humidity high. The plastic 
dome was opened partially when new growth was evident and completely removed after 
a week. Transgenic plants carrying pHb7-BdTOM1-GFP-C and pHb7-BdTOM1-GFP-C 
were named BdTOM1.1-GFP-OE and BdTOM1.2-GFP-OE, respectively. 
Transgenic plants (T1) were grown in soil under long-days, and T2 seeds were 
collected for hygromycin selection. T2 seeds were surface-sterilized and placed in ½ X 
MS supplemented with hygromycin (35 µg/mL). After cold treatment, plates were moved 
to a growth chamber under long-days. Plants carrying constructs survived hygromycin 
selection, while non-transgenic plants did not. Individual hygromycin-resistant seedlings 
were moved to soil and grown to collect separate T3 families. 
To select homozygous transgenic lines, segregation tests were carried out in the 
T3 generation. At least 10 T3 seeds were grown in ½ X MS medium supplemented with 
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hygromycin (35 µg/mL). As a control, wild-type seeds were grown for comparison in 
separate plates. Wild-type seedlings do not survive hygromycin selection, thus I could 
verify hygromycin is active. If all the T3 seeds were resistant to hygromycin, the T2 
parent was judged to be homozygous for the transgene. 
 
2.7 Confocal microscopy 
BdTOM1.1-GFP OE and BdTOM1.2-GFP OE seeds were sown on ½ X MS +iron 
plates on top of cellophane film (A.A. Packing Limited, Lancashire, UK), to avoid 
allowing the roots to grow into the agar and to allow an easy transfer.  Seedlings were 
grown for 5 days and then moved to ½ X MS –iron plates for one additional day. Roots 
were mounted on ½ X MS –iron medium and imaged using a Nikon Ti system equipped 
with a Yokogawa Spinning Disk head (Yokogawa Electric Corporation, Tokyo, Japan). 
GFP was imaged with an argon laser at 488 nm for excitation, and the emission signal 
was collected between 515/530 nm. 
 
2.8 Chlorophyll content determination 
To determine chlorophyll content, plants were grown on potting soil under short-
days, and leaves were collected 34 days after germination. Leaf tissue was weighed and 
placed in 5 mL of N,N’-dimethylformamide for 24 h at room temperature. Chlorophyll 
concentration was determined from absorbance of the solution at 647 nm and 664.5 nm 
as:  (17.9A647)+(8.08A664.5) (Inskeep and Bloom, 1985). Total chlorophyll concentrations 
were normalized to fresh weight. 
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2.9 Quantitative RT-PCR (Q-RT-PCR) analysis of BdTOM1 
Root and leaf tissue were flash-frozen using liquid nitrogen in 2 mL tubes. Frozen 
tissue was ground using a Tissuelyser (QIAGEN, Valencia, CA) and 3.2 mm chrome 
steel beads (BioSpect Products, Bartlesville, OK) for 1.5 min at maximum speed 3 times. 
Total RNA was extracted using the RNeasy Plant mini kit (QIAGEN), including on-
column DNAse treatment in all samples. First-strand cDNA was synthesized from 72 ng 
of total RNA using the SuperScript III First Strand Synthesis System (Life Technologies) 
and oligo(dT) primers. Reaction controls without reverse transcriptase were set up for 
each sample to detect DNA contamination.  
Q-RT-PCR analysis was performed using iTaq™ Universal SYBR Green 
Supermix (Bio-rad, Hercules, CA) following a two-step thermal cycle protocol: an initial 
step at 95°C, 30 s, followed by 40 cycles of 95°C, 15 s and 60°C, 60 s. After 
amplification, melting curves were performed to ensure that a single amplicon was 
obtained in each sample. BdTOM1.1 (oQ-RT-BdTOM1-FOR and oQ-RT-BdTOM1-REV), 
BdTOM1.2 (oQ-RT-BdMFS1-FOR and oQ-RT-BdMFS1-REV), BdUBC18 (oqPCR-
BdUBC18-F and oqPCR-BdUBC18-R) and BdYS1 (oQ-RT-BdYS1A-FOR and oQ-RT-
BdYS1A-REV) primers were designed using Quantprime web tool 
(http://quantprime.mpimp-golm.mpg.de/ )(Arvidsson et al., 2008), while BdSamDC 
primers (oqPCR-BdSamDC-F and oqPCR-BdSamDC-R) were taken from Hong et al. (Hong 
et al., 2008). Primer sequences used in the experiments are listed in table 2.1. Primer 
efficiency was calculated empirically by serial dilution of cDNA. To determine transcript 
levels, threshold cycle (Ct) values of samples were normalized to BdSamDC or  
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Table 2.1. Primers used to clone BdTOM1.1 and BdTOM1.2 
Primer ID Primer sequence 5’-3’ 
4g26380-F GGACTTCCATATGATGGGTGACACCACTACCA 
4g26380.1-R GGAATTCCTTCGATTCGTGTTGTTTTGGA 
4g43620-F GGACTTCCATATGATGGACCGGAGGAAGGAGAGC
C 
4g43620.1-R GGAATTCGCGACATTCTTCTGCCGC 
TOM1attb1F ACAAGTTTGTACAAAAAAGCAGGCTATGGGTGAC
ACCACTACCA 
TOM1attb5rR ACAACTTTTGTATACAAAGTTGTCTTCGATTCGTG
TTGTTTTGGA 
MSF1attb1F ACAAGTTTGTACAAAAAAGCAGGCTATGGACCGG
AGGAAGGAGAGCC 
MFS1attb5rR ACAACTTTTGTATACAAAGTTGTGCGACATTCTTC
TGCCGC 
T1GFPframeF AAAGAGGTGCTGCAAATGGCATA 
M1GFPframeF ATTCAGAACAATGCTGTGCGTCA 
yfgmEGFPframeR GAAGTCGTGCTGCTTCATGTGGT 
oQ-RT-BdTOM1-FOR CCATCTTGACAGGCACCTGTATTC 
oQ-RT-BdTOM1-REV GCACCTCTTTGACTTTGTGACACG 
oQ-RT-BdMFS1-FOR AGAGGCACTGCAAATGGTATATCG 
oQ-RT-BdMFS1-REV TCTGTGCCCACGAGAATAGAACG 
oQ-RT-BdYS1A-FOR CTCATCTGTGTCATGAGTGTGG 
oQ-RT-BdYS1A-REV GAACCTGGAATACAGCAAACAC 
oqPCR-BdSamDC-F    TGCTAATCTGCTCCAATGGC 
oqPCR-BdSamDC-R GACGCAGCTGACCACCTAGA 
oqPCR-BdUBC18-F TATGACTCCTGGTCACCCGCAATG 
oqPCR-BdUBC18-R TTGTCTTGCGGACGTTGCTTTG 
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BdUBC18, and fold change was calculated using the ΔΔCt comparative method. Three 
biological replicates were analyzed for each sample. 
 
2.10 Protein preparation and immunoblotting 
Root and leaf tissue were flash-frozen using liquid nitrogen in 2 mL tubes prior to 
protein extraction. Frozen tissues were ground using a Tissuelyser (QIAGEN, Valencia, 
CA) and 3.2 mm chrome steel beads (BioSpect Products) for 1.5 min at maximum speed 
3 times. A total protein extract was obtained by using the Plant Total Protein Extraction 
Kit (Sigma-Aldrich, St. Louis, MO) following the manufacturer’s instructions. Protein 
concentration was determined by the Bradford method (Bio-Rad assay kit). Protein 
standard curves were made by serial dilution of bovine serum albumin. 
An alternative protocol was also used to obtain total protein extract (Roberts et 
al., 2004). In this method, frozen ground tissue was mixed with 2X sample buffer 
containing 100 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 
20% (v/v) glycerol, and 200 mM DL-Dithiothreitol (DTT), in a ratio of 1:2 (w/v); the 
sample was vortexed thoroughly and incubated on ice for 10 min. The mix was 
centrifuged at 10000 x g for 10 min. at 4°C. Protein concentration was determined using 
the Piece 660 nm Protein Assay Reagent (Thermo Scientific, Agawam, MA) in 
combination with Ionic Detergent Compatibility Reagent (Thermo Scientific). Equal 
amounts of protein were loaded in each well of an SDS-PAGE 8% polyacrylamide gel 
followed by semi-dry blotting transfer to PVDF membrane (Bio-rad). Rabbit serum 
primary antibody against GFP (provided by Magdalena Bezanilla) was used at a dilution 
of 1:5000. Goat anti-rabbit conjugated to horseradish peroxidase (HRP) (Advansta, 
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Menlo Park, CA) was used at a dilution of 1:20000. Chemiluminescence from HRP was 
detected using ECL reagents (Advansta) and a gel doc system. 
 
2.11 Phytosiderophore measurement 
Brachypodium seeds were germinated on agar plates (0.8% phytoagar) and cold-
treated in the dark for 5 days. Plates were then moved to the growth chamber (14 h light 
and 22°C/10 h dark and 18°C) for 5 days. Seedlings were moved to 12-well microplates 
containing liquid ½ MS +iron and grown for 5 days. The nutrient solution was changed 
every day. For iron-deficiency treatment, 10-day-old plants were transferred to liquid ½X 
MS -iron, or to ½ X MS +iron as a control, for 3 days.  
Root exudates were collected between 4 to 6 hours after the onset of light, which 
is the peak exudation period for brachypodium (Yordem et al., 2011). In preparation, 10 
min before the onset of light, roots were removed from the nutrient medium, rinsed twice 
with dH2O and placed in 5 mL of dH2O-supplemented with 0.1 mg/L Micropur (Katadyn, 
Lindau, Switzerland) (Micropur was added to avoid microbial degradetion of 
phytosiderophores). Then, 4 hours after the onset of light, plants were transferred to fresh 
dH2O-micropur for 2 hours, before root exudates were collected. The concentration of 
phytosiderophores in root exudates was measured following the revised iron-binding 
assay of Reichman (Reichman and Parker, 2007a). Briefly, 5 mL of the root exudate was 
mixed with 0.25 mL of 0.6 mM FeCl3, and the mixture was incubated with agitation for 
15 min. at room temperature. Next, 0.5 mL of 1 M sodium-acetate buffer (pH 7) was 
added to the mixture and incubated with agitation for 10 min. at room temperature. The 
mixture was filtered through a Whatman GF/F filter paper into 0.125 ml of 6 M HCl, and 
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0.25 mL of hydroxylamine hydrochloride (80 g/L) was added. The solution was 
incubated at 55°C for 30 min. After incubation, 0.125 mL of Ferrozine (2.5 g/L) and 0.5 
ml of 2 M sodium-acetate at pH 4.7 were added to the solution. Samples were mixed 
thoroughly and incubated for 5 min. at room temperature before the absorbance at 562 
nm was recorded. Concentrations were calculated by the Beer-Lambert law formula 
A=εΙC, where A is absorbance, ε is molar absorptivity (2.2 x 104  liter mol–1 cm–1), Ι is 
the length of the light path (1 cm), and C is the concentration. Phytosiderophores 
concentration values were normalized to seedling dry weight. After collecting root 
exudates. seedlings were dried at 65°C for 24 h and then weight.  
 
2.12 Maize plant material and growth conditions 
Maize (Zea mays) plants of B73 and W22 (Strable and Scanlon, 2009) inbred 
lines were used as wild-type references in these experiments, as indicated in the text. 
Uncharacterized yellow striped mutants were obtained from the Maize Genetics 
Cooperation Stock Centre (MGCSC) (http://maizecoop.cropsci.uiuc.edu/). 
For all experiments involving genetic crosses, stocks were grown at the 
University of Massachusetts Crop and Animal Research and Education Center in South 
Deerfield, MA during the summer season between May and September (2014-2017). 
Mutant plants were supplemented with a saturated solution of iron-EDDHA (Sprint 139, 
Becker-Underwood, Ames, Iowa), by spraying directly on the leaves, through the 
growing season to alleviate chlorosis. For the purposes of initial phenotyping, plants were 
grown in the greenhouse in a 4:1 v/v mix of potting soil and Turface.  All phenotyping 
was also repeated under field conditions. In the greenhouse, supplemental light was 
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supplied with high-pressure sodium lamps to give a 20 h light period each day. For Q-
RT-PCR analysis, plants were grown in a sand : Turface mix (9:1 v/v) irrigated with 
water until germination and then irrigated with modified Hoagland’s nutrient solutions, 
with 1 mM KH2PO4, 3.75 mM KOAc (potassium acetate), 5 mM Ca(NO3)2, 1.25 mM 
KNO3, 2 mM MgSO4, 3.75 mM NH4OAc, 46 µM H3BO3, 9.1 µM MnCl2, 0.77 µM 
ZnSO4, 0.32 µM CuSO4, and 0.83 µM H2MoO4 (Yordem et al., 2011) containing 100 µM 
FeSO4-EDTA (Ethylenediaminetetraacetic acid) every 48 hours. Plants were grown for 
10 days after germination before root tissue was collected.  
 
2.13 Genomic DNA extraction 
To extract DNA, 2 g of leaf tissue was flash-frozen with liquid nitrogen and 
ground using a ceramic pestle and mortar. Frozen powder was transferred to a 15 mL 
tube containing 6 mL of DNA extraction buffer (100 mM NaCl, 50 mM Tris-HCl at pH 
8, 25 mM EDTA, 1% sodium dodecyl sulfate, and 10 mM β-mercaptoethanol) and mixed 
vigorously until the tissue had thawed completely. Samples were incubated at 65°C for 
10 min., followed by the addition of 2.5 mL of 5 M potassium acetate, and placed in ice 
for 20 to 30 min. Samples were centrifuged at 17000 x g for 10 min. at 4°C. The 
supernatant was collected, passed through a Miracloth filter into a fresh 15 mL tube 
containing 6 mL of 100% isopropanol, and mixed by inversion. After samples were 
centrifuged at 17000 x g for 10 min at 4°C, pellets were rinsed with 3 mL of 70% 
ethanol. All the ethanol was aspirated, and pellets were air dried before being dissolved in 
450 µL of T10E5 (10 mM Tris-HCl at pH 8 and 5 mM EDTA). Samples were transferred 
to 1.5 mL tubes, and 50 µL of 3 M sodium acetate at pH 5.2 was added, and the samples 
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were mixed thoroughly. Then, 1 mL of 95% ethanol was added and mixed by inversion, 
followed by centrifugation at 14000 x g for 5 min. Pellets were rinsed with 1 mL 70% 
ethanol and air dried. Pellets were dissolved in 100 µL of T10E1 (10 mM Tris-HCl at pH 8 
and 1 mM EDTA). 
 
2.14 PCR and sequencing of ZmTOM1 in ys3 mutant lines 
Genomic DNA was extracted from leaves of ys3 mutant plants (ys3:04HI-
A632GN-144, ys3:67-2403, ys3:04HI-Oh43xA632GN-187 and ys3:07IL-B73GN-279) and 
the exons of ZmTOM1 (GRMZM2G063306/Zm00001d041111) were amplified using 
primers listed in Table 2.2.  Amplifications were performed using ExTaq Polymerase 
(Takara, Madison, WI), with cycling conditions of 95°C, 60 s followed by 35 cycles of 
95°C, 15 s, 55°C, 30 s, and 72°C, 60 s, with a final extension step at 72°C for 5 min. PCR 
products were gel-purified before sequencing. 
 
2.15 Quantitative Real-Time PCR analysis (Q-RT-PCR) of ZmTOM1 
Root tissue was flash-frozen in liquid nitrogen after harvesting. Frozen root tissue 
was ground using a Tissuelyser (QIAGEN) in 2 mL tubes containing 3.2 mm chrome 
steel beads (BioSpect Products). Total RNA was extracted using the QIAGEN RNeasy 
Plant Mini Kit (QIAGEN), and an on-column DNAse treatment step was included for all 
samples. The cDNA was synthesized from 750 ng of total RNA using SuperScript IV 
VILO (Life Technologies). For Real-Time PCR analysis, the Quantprime primer design 
webtool (Arvidsson et al., 2008) was used to design ZmTOM1 primers. The primer 
efficiency of each set of primers (Table 2.3) was evaluated empirically via a serial 
34 
 
dilution curve of cDNA. PowerUP SYBR Green Master Mix (Life Technologies) was 
used in the Q-RT-PCR experiments. A two-step PCR protocol was used with the 
following conditions: An initial cycle of 50°C, 120 s, and 95°C, 120 s, and 40 cycles of 
95°C, 15 s, and 60°C, 60 s. After two-step cycling was completed, a melting curve 
analysis was performed to ensure a single amplicon was obtained from each reaction.  To 
determine transcript levels, the threshold cycle (Ct) values from the target gene were 
normalized to the ZmGAPDH reference gene for each sample; by the ∆∆Ct method, I 
calculated the fold change compared to the B73 wild type. Data represent three biological 
replicates. 
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Table 2.2. Primer sequences used to analyze ZmTOM1 
Exon 
Coverage 
Primer ID Primer sequence 5’-3’ 
Exon 1 oZmTom1_17 
oZmTom1_437 
TGCTAAACCACCAAGGTCGAA 
TATTTTGTGCGAGGGGAGATG 
Exons 2-4 oZmTom1_1871 
oZmTom1_2577 
GCTGCTTACATGCACCATGC 
GTGCAAGCATGCCATTGAGAG 
Exons 2-6 oZmTom1_1871 
oZmTom1_2842 
GCTGCTTACATGCACCATGC 
ACGTTATTAATCTCAACTCGAGCAA 
Exons 5-6 ZmTom1_2310 
oZmTom1_2842 
GGTCTCGTTCTTCTGGGGTGT 
ACGTTATTAATCTCAACTCGAGCAA 
Exons 6-7 oZmTom1_2626 
Reverse to 
Genomic2   
GCCATGGCAGTTAGTTTCAAAT 
TTGGATATTGCCGTGCAG 
Exons 8-9 oZmTom1_2878 
oZmTOM1_3686 
CTTATTGTTGGCCCGTCCATT 
AAGGATCAGCGCATCCTAACTTC 
Exons 6-9 oZmTom1_2626 
oZmTom1_3485 
GCCATGGCAGTTAGTTTCAAAT 
CCCAAAGGGACACAATCTTCTTC 
Exon 10 oZmTom1_4146 
oZmTom1-3194 
GGGAGCATGTTTACCGATTGA 
AGCGTGAAAACACAGTACGC 
Exon 11 oZmTOM1_4697 
cDNA 690-670 
TTGAACAAAAATGGGAGCATCTTTGT 
TGTGGACTGGCCTGTAGATG 
Exons 10-11 oZmTom1_4146 
oZmTom1_4882 
GGGAGCATGTTTACCGATTGA 
CAACGTCTGGTAGCAGCTATTGT 
Exons 12-14 oZmTom1_5154 
oZmTom1_5962 
ACACGGTCTCAAGAGCCACAA 
TGCTGTGGCTGTTTTCAAAGG 
Exons 12-15 oZmTom1_5154 
oZmTom1_6071 
ACACGGTCTCAAGAGCCACAA 
TATATGATGCGTGGGGGACAATA 
Exons 15-17 oZmTom1_5833 
oZmTom1_6822 
TGCAGAACTATGCTGTGGCAAG 
ATTCCATTGCTTGGGTTCGAG 
Exons 16-17 oZmTOM1_6237 
oZmTOM1_6882 
CCAGATTCGTGTGCACCATTATT 
TCCGTTGTATGCCACTCAAAAAC 
 oZmTOM1_67     GTAGCGTGTCCCTGTCCATTGTA 
 oZmTOM1_4515 GTTTGTGGAGTCCTTGAGTGTCC 
 oZmTOM1_3161 CACGGCAATATCCAAACGTATTC 
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2.16 Inverse PCR (iPCR) 
Genomic DNA (~1 µg) was digested with AciI or NlaIII (New England Biolabs) 
for 2.5 hours at 37°C, and the reaction was stopped by incubating the sample for 20 min. 
at 65°C.  The DNA was then diluted 25-fold, and ligation was performed using 20 units 
of Epicenter T4 DNA ligase (Illumina, Inc. Madison, Wisconsin) overnight at either 
20°C, for blunt ends, or 4°C for sticky ends. The resulting ligation was purified using 
phenol/chloroform (1:1, v/v) and ethanol precipitation in the presence of 40 µg of 
glycogen. Then, 1/6 of the purified ligation was used as template for the first round of 
PCR, with primers oZmTOM1_4456 and oZmTOM1_4504 for the AciI restriction 
digests, or primers oZmTOM1_3641 and oZmTOM1_5012 for the NlaIII restriction 
digestions. The second round of PCR was performed using 1 µL of a 1:100 dilution of the 
PCR product from the first round as template and using nested primers oZmTOM1_4338 
and oZmTOM1_4573for AciI-digested DNA or oZmTOM1 4774 and oZmTom1_5154 
for NlaIII-digested DNA. Amplifications were performed using ExTaq polymerase 
(Takara), with cycling conditions of 95°C, 2 min., and 25 cycles of 95°C, 15 s, 57°C, 30 
s, and 72°C for 2 min., and a final elongation step for 10 min. Primer sequences for iPCR 
are listed in Table 2.4. 
 
2.17 Metal measurement 
Leaves of at least 10 individual plants were collected from 19-day-old plants 
grown in the greenhouse, and samples were dried at 65°C for 72 h. In every experiment, 
all controls and mutants were grown simultaneously, and using the same soil batch.  
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Metal concentrations were determined by inductively coupled plasma mass spectrometry 
(ICP-MS) at the Donald Danforth Plant Research Institute.  
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Table 2.3. Primers sequence used in Q-RT-PCR. 
Primer ID Primer sequence 5’-3’ 
oZmTOM1_qPCR_Fw               GCTTGCACCAATAAAGGCTTACTC 
oZmTOM1_qPCR_Rv CCAATGGACGGGCCAACAATAAG 
ZmGADPH_Fw CCTGCTTCTCATGGATGGTT 
ZmGADPH_Rv TGGTAGCAGGAAGGGAAACA 
 
 
Table 2.4. Primers used for inverse PCR  
Primer ID Primer sequence 5’-3’ PCR 
round 
Restriction 
enzyme 
oZmTOM1_4456 TGGAGTGTCTCCTAGTAACAAAATGG 1st AciI 
oZmTOM1_4504 GGACTCCACAAACAGAAGACGTA 1st AciI 
oZmTOM1_4338 GCCAAGAATCGTTTGTAGAAATTCA 2nd AciI 
oZmTOM1_4573 TCATTGCGTACTGTGTTTTCACG 2nd AciI 
3641..3620 CAAATGAACATACCTGCAATC 1st NlaIII 
oZmTOM1_5012 TGTTATTTTTCCTCAACCCAGGA 1st NlaIII 
oZmTOM1 4774    GCCCACCATACTTTTTGTCACTT 2nd NlaIII 
oZmTom1_5154 ACACGGTCTCAAGAGCCACAA 2nd NlaIII 
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CHAPTER 3 
CHARACTERIZATION OF BdTOM1 TRANSPORTERS 
 
3.1 Introduction 
The grass-specific strategy II for iron uptake is a chelator-based mechanism in 
which phytosiderophores are released to the rhizosphere to solubilize iron(III), and then 
iron(III)-phytosiderophores complexes are transported into root cells by the YS1 
transporter. Phytosiderophores secretion increases during iron-deficiency conditions, and 
plant tolerance to iron deficiency is related to the amount of phytosiderophores release 
(Marschner, 1995). With respect to tolerance to iron deficiency, grasses can be ranked 
from the most tolerant, barley (Hordeum vulgare), followed by wheat (Triticum 
aestivum), oats (Avena sativa), maize, sorghum (Sorghum bicolor), and finally rice 
(Oryza sativa) as the most susceptible (Ma and Nomoto, 1996). The type and amount of 
phytosiderophores released depends on the species. Barley secretes large amounts of 
mugineic acid and also releases other phytosiderophores such as 3-hydroxy-mugineic 
acid and 3-epihydroxy-mugineic acid (Ma and Nomoto, 1993), while maize secretes 
relatively small amounts of a single molecular species, deoxy-mugineic acid (Kawai et 
al., 1988b). The predominant phytosiderophores in brachypodium is 3-hydroxy-2′-
deoxymugineic acid (Yordem et al., 2011). Among this group, rice is the most 
susceptible to iron deficiency likely due to the low amount of phytosiderophores release 
(Takahashi et al., 1999).  
In many grasses, phytosiderophores secretion follows a diurnal rhythm. In barley 
and wheat, the peak of phytosiderophores secretion happens about 4 h after the onset of 
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light (Tagaki et al., 1984; Zhang et al., 1991). Other perennial grasses such as Festuca 
rubra follow a similar diurnal pattern (Ma et al., 2003). Maize does not follow this 
diurnal rhythm (Ueno et al., 2009), and there is no clear evidence this pattern occurs in 
rice (Nozoye et al., 2004). In brachypodium, phytosiderophores secretion follows a 
diurnal rhythm with peak secretion occurring between 4 and 6 h after the onset of light 
(Yordem et al., 2011).  
The detailed mechanism by which phytosiderophores are released to the 
rhizosphere remains unclear. The membrane protein transporter of mugineic acid 
(TOM1) was characterized as an effluxer of deoxy-mugineic acid using xenopus oocytes 
(Nozoye et al., 2011). The function of TOM1 as a phytosiderophores effluxer suggests a 
potential role in the mechanism for phytosiderophores release. TOM1 shows strong 
sequence conservation among grasses and is closely related to arabidopsis zinc induced 
facilitator (ZIF) proteins, which are probably involved in the transport of nicotianamine, a 
plant metal chelator that is structurally similar to phytosiderophores (Hofmann, 2012). 
TOM1 was suggested to be localized in the plasma membrane based on observations of 
transient and stable transformation of TOM1 in onion epidermal cells and rice root cells, 
respectively (Nozoye et al., 2011). However, the large central vacuole in these cells does 
not allow observation of cellular structure in detail. 
Two possible mechanisms of phytosiderophores secretion can be envisioned: 
TOM1 could localize to vesicles that undergo exocytosis to release phytosiderophores or 
TOM1 could facilitate efflux across the plasma membrane. In the root epidermis of iron-
deficient barley, accumulation of large vesicles has been observed just before daily 
phytosiderophores release, leading to the suggestion that vesicle transport may be 
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involved in phytosiderophores secretion (Negishi et al., 2002). I aimed to evaluate 
whether phytosiderophores are secreted via exocytosis of secretory vesicles or by direct 
TOM1-mediated transport through the plasma membrane. I studied the BdTOM1 
transporters to obtain better localization data that could distinguish between the two 
models. 
In brachypodium, there are 10 TOM1-like proteins (Figure 3.1). I focused on both 
BdTOM1.1 (Bradi4g26380.1) and BdTOM1.2 (Bradi4g43620.1) since they are closely 
related to TOM1 of rice and barley. In addition, both genes are up-regulated during iron 
deficiency according to microarray analysis of brachypodium roots (Walker lab 
unpublished data). OsTOM1 and HvTOM1 were included in the tree since both have 
been reported to efflux phytosiderophores, while AtZIF1 and AtZIF1-like are closely 
related to TOM1.  
To study the mechanism of phytosiderophores transport in grasses, I used 
brachypodium as a model system. I developed transgenic plants expressing translational 
fusions of BdTOM1.1 and BdTOM1.2 with GFP under the control of the maize ubiquitin 
promoter. This strategy was intended to allow me to observe phenotypes caused by over-
expression of TOM1 and, at the same time, utilize the GFP tag to determine subcellular 
localization. 
 
3.2 Materials and methods 
The detailed material and methods are described in Chapter 2 as follows: 
Brachypodium growth conditions (2.1), phylogenetic analysis of TOM1 proteins in 
Brachypodium (2.2), cloning BdTOM1.1 and BdTOM1.2 and GFP translational fusion  
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Figure 3.1. Phylogenetic analysis of TOM1 proteins.  
Analysis includes TOM1-like sequences of Brachypodium distachyon, Physcomitrella 
patents, the known TOM1 proteins from Oryza sativa and Hordeum vulgare, and the 
Arabidopsis thaliana AtZIF1, AtZIFL1 and AtZIFL2 proteins. The protein tree was 
constructed using the Neighbor-Joining method. The bootstrap consensus tree was 
inferred from 1000 replicates. Numbers in each branch indicates bootstrap (as percentage 
of 1000 replicates) 
 
 
 
 
43 
 
constructs (2.3), Agrobacterium tumefaciens-mediated transformation (2.4), 
brachypodium callus initiation (2.5), brachypodium calli transformation (2.6), confocal 
microscopy analysis (2.7), chlorophyll content determination (2.8), quantitative RT-PCR 
(Q-RT-PCR) analysis of BdTOM1, protein preparation and immunoblotting (2.10), and 
phytosiderophore measurement (2.11). 
 
3.3 Results 
3.3.1 BdTOM1.1 and BdTOM1.2 transcript levels in wild-type plants 
To determine whether BdTOM1.1 and BdTOM1.2 genes are regulated during iron 
deficiency, I measured transcript levels of both in leaves and roots of wild-type plants. To 
ensure primer specificity, the primers designed using Quantprime web tool were further 
analyzed to verify they target regions with low sequence similarity between BdTOM1.1 
and BdTOM1,2. In addition, melting curves were performed after amplification cycles to 
ensure a single amplicon is produced for each set of primers. In iron-deficient roots and 
leaves, the transcript levels of BdTOM1.1 are increased compared to iron-sufficient 
conditions (Figure 3.2A). However, the expression of BdTOM1.1 is higher in roots than 
in leaves regardless of the iron status. Under iron deficiency, the expression of 
BdTOM1.1 is 5-fold higher in roots than in leaves. For BdTOM1.2, previous Q-RT-PCR 
experiments (data obtained while Q-RT-PCR conditions were set up) had shown that 
transcript levels are not up-regulated during iron deficiency in leaves (not shown). But, 
transcript levels of BdTOM1.2 strongly increased in iron-deficient roots (Figure 3.2B). In 
addition, BdTOM1.2 is expressed higher (40-fold) than BdTOM1.1 (8-fold) in iron-
deficient roots, comparing to their expression in iron-sufficient conditions. These results 
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showed that both BdTOM1.1 and BdTOM1.2 transcripts are up-regulated during iron 
deficiency. 
 
3.3.2 Generation of BdTOM1.1 and BdTOM1.2 transgenic lines 
I obtained four independent transgenic lines containing the BdTOM1.1-GFP 
construct; T1 plants were regenerated from calli, then T2 seeds were collected and 
selected by growing on medium containing hygromycin. Each T1 plant produced a low 
number of T2 seeds. Hygromycin-resistant T2 plants were transferred to soil, and T3 seeds 
were collected. Analysis of transgene segregation was performed in T3 seeds. At least ten 
seeds were grown in medium containing hygromycin, and individual T2 lines were scored 
as homozygous for the transgene if all T3 plants survived hygromycin selection. T3 
homozygous lines, as well as further generations from these lines, were used in my 
experiments. 
To verify that the transgene was introduced in T2 plants, genomic DNA (gDNA) 
extracted from transgenic plants was analyzed by PCR. Primers were designed to amplify 
the BdTOM1.1-GFP construct with a forward primer located at the 3’ end of BdTOM1.1 
and a reverse primer located at the 5’ end of the GFP sequence. This primer design will 
produce an amplicon from the transgene, but not from the native BdTOM1.1 gene. The 
roots of the four independent transgenic lines were screened for GFP expression by 
confocal microscopy, and three lines showed GFP expression. 
For BdTOM1.2, I also obtained four independent transformation events. T2 seeds 
were selected on hygromycin, and transgene segregation analysis was performed in the 
T3. T1 plants produced a low number of seeds. T3 plants were screened by confocal  
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Figure 3.2. Transcript levels of BdTOM1.1 and BdTOM1.2 increase in wild-type Bd21-3 
during iron deficiency.  
Real-time PCR quantification of A) BdTOM1.1 and B) BdTOM1.2 transcript levels in 
wild-type Bd21-3 during iron deficiency. Fold change was calculated by comparative 
ΔΔCt analysis. In A) the condition with the lowest expression level (+iron leaves) was set 
at 1. In B) the level in +iron roots was used as the reference and set at 1. Note the log10 
scale. BdSamDC was used as an endogenous control to normalize Ct values. Error bars 
represent 95% confidence intervals from the S.E.M of three biological replicates. 
Significant differences in a Welch’s t-test are indicated: p<0.05 (*), p<0.005 (**), and 
p<0.0005 (***) compared to +iron conditions. 
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Figure 3.3. Real-time PCR quantification of BdTOM1.1 in BdTOM1.1-GFP-OE plants 
under iron-sufficient conditions.  
Wild-type roots +iron and wild-type leaves +iron were used as reference samples for 
roots and leaves, respectively. Note the log10 scale. Fold change was calculated by 
comparative ΔΔCt analysis. BdSamDC was used as an endogenous control to normalize 
Ct values. Error bars represent 95% confidence intervals from the S.E.M of three 
biological replicates. Significant differences in a Welch’s t-test are indicated: p<0.05 (*), 
p<0.005 (**), and p<0.005 (***) compared to wild type. 
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Figure 3.4. Real-time PCR quantification of BdTOM1.1, BdTOM1.2, and BdYS1 in 
BdTOM1.1-GFP-OE plants. 
A) BdTOM1.1 transcript levels in over-expression line 5 (OE 5) during iron-sufficient 
and iron-deficient conditions. Wild-type roots +iron were used as the reference sample. 
B) BdTOM1.2 transcript levels in OE 5 roots. C) BdYS1 transcript levels in OE 5 roots 
Fold change was calculated by comparative ΔΔCt analysis. BdSamDC was used as an 
endogenous control to normalize Ct values, and wild-type roots +iron were used as the 
reference sample. Error bars represent 95% confidence intervals from the S.E.M of three 
biological replicates. Significant differences in a Welch’s t-test are indicated: p<0.05 (*) 
compared to wild type. 
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microscopy, but none of the lines showed GFP expression. Thus, I did not pursue more 
experiments on BdTOM1.2-GFP-OE plants. 
 
3.3.3 BdTOM1.1 transcript levels in BdTOM1.1-GFP-OE plants 
I tested whether BdTOM1.1 is over-expressed in brachypodium transgenic lines 
(BdTOM1.1-GFP-OE). Since our construct is under the control of the maize ubiquitin 
promoter, I expected that BdTOM1.1 transcript levels would be higher in transgenic 
plants compared to wild type. In iron-sufficient roots, the BdTOM1.1 transcript levels 
from two (out of three) independent transgenic lines were indeed higher than in wild 
type, indicating over-expression (Figure 3.3). In iron-sufficient leaves, the same three 
transgenic lines showed BdTOM1.1 transcript levels much higher than in wild-type leaves 
(Figure 3.3), probably this large difference is due to the low level of BdTOM1.1 
expression in wild-type leaves. In iron-deficient roots, BdTOM1.1-GFP-OE plants did 
not show further increases in BdTOM1.1 mRNA beyond the already high levels observed 
in wild type under iron-deficient conditions (Figure 3.4A). To examine whether over-
expression of BdTOM1.1 affects other iron-regulated genes, I analyzed the transcript 
levels of other iron-inducible genes. Interestingly, over-expressing BdTOM1.1 raised the 
transcript levels of BdTOM1.2 in roots under iron-sufficient conditions, suggesting that 
compensatory gene expression occurred (Figure 3.4B). Under iron deficiency, the already 
high transcript levels of BdTOM1.2 were not affected by the transgene. BdYS1, an 
ortholog of ZmYS1, is up-regulated during iron deficiency, and the BdYS1 expression was 
similar in in BdTOM1.1-GFP-OE and wild-type plants (Figure 3.4C). 
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3.3.4 Chlorophyll content in BdTOM1.1-GFP-OE plants 
To evaluate phenotypes linked with over-expression of BdTOM1.1, I measured 
chlorophyll content as an indirect method to evaluate iron status. wild-type and 
transgenic plants were grown on soil under short-day, and leaves were collected from 34-
day-old plants to measure total chlorophyll. The conditions were selected base on non-
destructive chlorophyll measurement using SPAD (Soil-Plant Analyses Development) 
meter. Under long-day conditions, both wild-type and over-expressing plants flowered 
before I could observe any difference in chlorophyll content. Under short-day conditions, 
plants were maintained in vegetative state and I could determine when wild type and 
over-expressing lines had a difference in chlorophyll content. The over-expressing plants 
did not show an obvious morphological difference compared to wild-type plants in any 
growth condition. Two lines, BdTOM1.1-GFP-OE #3 and BdTOM1.1-GFP-OE #5, had 
higher chlorophyll content compared to wild type (Figure 3.5) under these iron-sufficient 
conditions. This result suggests that increased iron uptake is occurring. Since the 
BdTOM1.1-GFP-OE #5 line showed over-expression in iron-sufficient conditions (Figure 
3.4) and had higher chlorophyll content, this line was selected to perform further 
experiments. I also measured chlorophyll content under iron-deficient conditions; 
however, there was no significant difference between over-expressing and wild-type 
plants. Iron-deficient conditions were created by increasing the pH of the soil using lime, 
to decrease iron availability. 
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3.3.5 Phytosiderophore measurement 
To assess whether the over-expression of BdTOM1.1 influences 
phytosiderophores secretion in brachypodium, I aimed to establish a small-scale growth 
system to collect root exudates for phytosiderophores measurement. Quantifying 
phytosiderophores from root exudes directly is complex and involves specialized 
equipment such as high-performance liquid chromatography (HPLC) and metabolite 
standards for mugineic acid. In addition, root exudates need purification and 
concentration steps that involve cation-exchange columns and rotary evaporation. Thus, 
an indirect method has been developed for measuring phytosiderophores in root exudates. 
The revised iron-binding assay, described previously (Reichman and Parker, 2006), relies 
on the premise that phytosiderophores would bind to iron(III) and chelate it, then the 
portion of iron that is not chelated is precipitated and separated from the solution. Next, 
the chelated iron(III) is reduced to iron(II), and assayed colorimetrically with ferrozine. 
Ferrozine [disodium salt of 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine] 
forms a stable complex with iron(II), producing a magenta color (Stookey, 1970).  
Several factors were considered to set an optimal growth system for 
brachypodium, such as seed germination method, type of nutrient media and small-
volume containers. In a regular hydroponic-growing system, large medium volumes 
dilute exudates secreted from the roots making a concentration step necessary. To avoid 
purification and concentration, I grew plants in small-volume containers holding 5 mL of 
nutrient medium. In preliminary experiments, 2 mL-tubes were used as containers, but 
poor germination rates, as well as a low number of seeds that can be held per tube, led me 
to look for an alternative set up. By germinating seeds on agar plates, I circumvented 
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both issues, since many seeds can be placed on individual plates. Around 5 days after 
germination, when the root systems of the plants were big enough to keep a straight 
position, the seedlings were moved to 12-well microplates containing 5 mL of liquid 
medium in each well. Because seedlings were transferred from plates where there was a 
high-humidity environment, microplates were placed into closed plastic containers with 
wet paper towels to preserve high humidity. During my first trials, I obtained inconsistent 
results in replicates from the same experiment, with some replicates having higher 
phytosiderophores concentration in iron-sufficient than in iron-deficient conditions or no 
difference between both conditions. 
I tested two different types of nutrient solution: ½X MS and modified Hoagland’s 
solution (Yordem et al., 2011). I obtained similar results growing plants in either medium 
(Figure 3.6). One recurring issue observed was that phytosiderophores concentration was 
not significantly different between root exudates from iron-sufficient and iron-deficient 
plants (Figure 3.6). These results were not what I expected since phytosiderophores 
secretion should be enhanced during iron deficiency. 
 
3.3.6 BdTOM1.1 subcellular localization 
Since BdTOM1.1 was tagged with GFP, I used confocal microscopy to observe 
where BdTOM1.1 is localized within the cell. I analyzed roots of homozygous lines to 
determine BdTOM1.1 localization. BdTOM1.1 is primarily localized in internal dots in 
the cytoplasm of root hairs (Figure 3.7A). I expected to observe the GFP signal in every 
cell of the transgenic plants expressing the construct, since the maize ubiquitin promoter 
is a constitutive promoter. However, this was not the case, since I could only see GFP 
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signal in some root hairs (Figure 3.7B), and exhaustive screening had to be conducted to 
find GFP-expressing cells. In some cases, the GFP signal was observed in some root 
epidermal cells. These results were also observed in the T4 and T5 generation. Wild-type 
plants were used as reference for microscope settings, so autofluorescence detection is 
reduced and it does not interfere with imaging in the transgenic roots. In wild-type roots, 
these internal fluorescence dots were not observed. It is not clear whether the 
fluorescence I observed (c.f., Figure 3.7) is from TOM1.1-GFP or is an artifact 
sporadically occurring in roots. Similarly, those cells could be escaping silencing, then 
GFP could be observed. Thus, I could not address the subcellular localization of 
BdTOM1.1. 
I tested whether BdTOM1.1-GFP protein could be detected in leaves and roots 
from transgenic plants grown in iron-sufficient and iron-deficient conditions using 
immunoblotting. Total protein extracts were tested using GFP antibodies. BdTOM1.1-
GFP could not be detected either in roots or shoots of iron-sufficient or iron-deficient 
transgenic plants. These results were unexpected since BdTOM1.1-GFP transcripts were 
over-expressed in both roots and leaves from iron-sufficient conditions. 
 
3.3.7 Diurnal regulation of BdTOM1.1 transcript levels 
As phytosiderophores secretion follows a diurnal rhythm, and BdTOM1.1 has 
been proposed to be involved in phytosiderophores release to the rhizosphere, I tested 
whether BdTOM1.1 transcript levels are regulated diurnally in iron-deficient roots. 
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Figure 3.5. OE plants show a slight increase in total chlorophyll content.  
Total chlorophyll content was measured in three transgenic lines (3, 5 and 8) and wild-
type Bd21-3. Plants were grown in soil for 34 days under short-day conditions. * 
indicates P<0.05 by a t-test (n=10). Error bars represent S.E. from 10 individuals. 
 
 
 
 
 
 
 
 
54 
 
 
 
 
 
Figure 3.6.  Phytosiderophore content in wild-type Bd21-3 root exudates.  
Root exudates were collected after 3 days in medium without iron A) phytosiderophores 
concentration in roots exudates from plants grown in A) liquid ½ X MS or B) 1X 
Hoagland’s nutrient solution. Error bars represent S.E.M from three biological replicates. 
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During a 24-hour period, I analyzed transcript levels of BdTOM1.1 every 4 hours 
to determine whether gene expression is diurnally controlled. Q-RT-PCR results showed 
that there is not a clear pattern of diurnal 
regulation of BdTOM1.1 mRNA (Figure 3.8A). In contrast, BdTOM1.2 transcript levels 
showed a peak at 16 h, then decreased, indicating that this gene may be diurnally 
regulated (Figure 3.8B). I also analyzed BdYS1 transcript levels, and like BdTOM1.1, 
BdYS1 does not display a diurnal regulation pattern (Figure 3.8C). The BdSamDC gene, 
which has been proposed as a constitutive reference gene for brachypodium (Hong et al., 
2008) was also analyzed (Figure 3.8D).  My results indicate that BdSamDC follows a 
diurnal pattern of expression. This result shows that BdSamDC is not a good reference 
gene for diurnal regulation studies. Thus, in these experiments I used BdUBC18 to 
normalize expression. 
 
3.4 Discussion  
Brachypodium is a good model system to study grass-specific aspects of iron 
homeostasis.  In this chapter, I studied BdTOM1 transporters and characterize their 
possible role in iron uptake. The rice TOM1 has been shown, in a heterologous system, to 
be a phytosiderophores effluxer and is suggested to have a role in phytosiderophores 
secretion. BdTOM1.1 transcript is up-regulated in both roots and leaves of iron-deficient 
plants, like its ortholog OsTOM1 in rice. Expression of BdTOM1.1 does not follow the 
diurnal regulation pattern that phytosiderophores secretion does (Yordem et al., 2011) 
(Figure 3.8A). 
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Figure 3.7. Confocal images of BdTOM1.1-GFP in brachypodium root hairs.  
Plants over-expressing BdTOM1.1-GFP were grown in ½X MS medium containing iron 
for 5 days. The day before imaging, plants were moved to ½X MS medium without iron 
to image using confocal microscopy. A) and C) GFP fluorescence. B) and D) brightfield 
image. 
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Figure 3.8. Diurnal change in expression of BdTOM1.1, BdTOM1.2 and BdYS1.  
Real-Time PCR quantification of A) BdTOM1.1, B) BdTOM1.2, C) BdYS1 and D) 
BdSamDC transcript levels in wild-type roots under iron-deficiency at 0, 4, 8. 12, 16, 20 
and 24 hours. The sample with the lowest transcript levels was used as the reference 
sample. BdUBC18 was used to normalize Ct values. Data are means of biological 
replicates (n=3) with 95% confidence error bars. 
 
 
58 
 
In rice, it has been suggested that TOM1 expression and phytosiderophores 
secretion follow a diurnal pattern. However, there are not clear data to support this idea 
(Nozoye et al., 2004; Nozoye et al., 2011). In barley, phytosiderophores secretion and 
HvYS1 expression both follow a diurnal pattern, but maize YS1 and phytosiderophores 
secretion are not diurnally regulated (Ueno et al., 2009). My results show that BdYS1 
mRNA expression is not diurnal (Figure 3.8C).  
When BdTOM1.1 was over-expressed in brachypodium, BdTOM1.1-GFP-OE 
plants showed higher chlorophyll compared to wild-type plants, suggesting increased iron 
uptake under iron-sufficient conditions. However, the chlorophyll content did not change 
in BdTOM1.1-GFP-OE plants compared to wild type under iron deficiency. These results 
reflect the BdTOM1.1 expression profile in BdTOM1.1-GFP-OE roots, with BdTOM1.1 
over-expressed only in iron-sufficient roots, leading to higher iron acquisition, while not 
showing a change relative to wild type in iron uptake in roots exposed to iron deficiency, 
since BdTOM1.1 was not over-expressed relative to the already very high levels of native 
BdTOM1.1 expression. There were not obvious morphological differences between 
transgenic and wild-type plants in any growth condition. 
The Q-RT-PCR results indicate that over-expression of BdTOM1.1 upregulates 
BdTOM1.2, suggesting an interaction between these two genes. It was not observed that 
BdTOM1.1 over-expression affects the transcript levels of BdYS1.  
The transgenic lines generated were not optimal for the study of BdTOM1.1 
subcellular localization and over-expression effect.  Position effect or transgene copy 
number in these lines could explain the BdTOM1.1 localization and immunoblot results. 
Transgene silencing has been observed in plants when multiple copies of the transgene 
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are integrated into the host genome (Vaucheret et al., 1998). This phenomenon occurs 
due to the nature of Agrobacterium-mediated transformation, where location and copy 
number of T-DNA cannot be predicted or controlled. Insertion of multiple copies in 
tandem could cause to a posttranscriptional silencing due to possible inverted repeats 
produced by T-DNA rearrangements (Day et al., 2000). The transcription of inverted 
repeats could generate double stranded RNA (dsRNA) which can cause gene silencing 
and reducing expression of transgene (Sijen et al., 2001). If the over-expressing lines 
harbor multiple T-DNA insertions, BdTOM1.1-GFP expression would be affected and 
reduction in transcript would be observed. Similarly, position effect of single transgene 
copies has been reported. When the transgene is inserted at specific regions of the host 
genome, transcription activation is strongly affected (Matzke and Matzke, 1998). 
Transgene insertion into heterochromatic regions would affect gene expression leading to 
a decrease in transcription (Gelvin and Kim, 2007). These heterochromatic regions in the 
host genome are associated with lower gene expression since they interact with histones 
making that region not accessible to transcriptional machinery. If this is the cause in our 
transgenic lines, BdTOM1.1-GFP expression would be lower or repressed. In the case of 
BdTOM1.2-GFP transgenic lines, transgene silencing could become severe, reducing 
levels of BdTOM1.2-GFP completely leading to lack of detection of GFP. The GFP tag 
could cause negative effect on the protein localization or it could be cleaved from the 
translational fusion. During immunoblotting experiments using protein extracts from 
BdTOM1.1-GFP transgenic plants, I did not observe the presence of cleaved GFP. If 
over-expression of BdTOM1.1 is leading to silencing, an alternative approach could be 
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using a BdTOM1.1-GFP translational fusion under the control of BdTOM1.1 native 
promoter. 
Determining phytosiderophores concentration in root exudate is essential to assess 
whether BdTOM1 plays a role in the release of phytosiderophores. In addition, 
phytosiderophores measurement is necessary during the characterization of mutants with 
iron-chlorosis phenotypes. Thus, establishing a system to measure phytosiderophores 
would be important for future experiments to analyzing mutants and transgenic lines 
expressing translational fusion. In my experiments, the growing system was not 
appropriate to evaluate phytosiderophores content in root exudates from brachypodium 
plants. During my first experiments, phytosiderophores concentration appeared to be 
higher in iron-sufficient exudates compared to those from iron-deficient plants. Since iron 
depletion could occur in the medium due to iron precipitation, which was observed as 
brown-color precipitates, plants grown in iron-sufficient conditions could have 
experienced iron starvation leading to an increased phytosiderophores secretion. So, 
replacing medium every day could help to maintain iron levels. After resupplying with 
fresh media every day, results showed reproducibility, but not a significant difference 
between iron-sufficient and iron-deficient conditions (Figure 3.7A and B). 
Phytosiderophores concentration was slightly lower in iron-sufficient exudates compared 
to iron-deficient, but the concentrations were not significantly different. A possible 
explanation is the lack of aeration in the system. Since the micro-plate well are small, I 
was not able to fit them with aeration tubes. As a response to hypoxia stress, plants 
enhance ethylene production (Geisler-Lee et al., 2010; Yang, 2014), and ethylene 
production has been linked to regulating the iron deficiency response in rice (Wu et al., 
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2011). In the literature, experiments involving phytosiderophores measurement use 
hydroponic systems with continuous aeration, which my growing system lacked. Future 
experiments will require testing different growing systems that allow aeration in a small-
volume container as well as holding a large number of seeds. 
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CHAPTER 4  
YELLOW STRIPED MUTANTS IN Zea mays 
 
Chan-Rodriguez David, Walker Elsbeth L. (2018). Analysis of yellow striped mutants of 
Zea mays reveals novel loci contributing to iron deficiency chlorosis. Frontiers in Plant 
Science. This chapter has been published and the final version is available at Frontiers of 
Plant Science (https://doi.org/10.3389/fpls.2018.00157). The text is slightly modified 
here to conform to formatting and other standards.   
  
4.1 Introduction 
The global demand for crops with high concentrations of nutrients in edible 
tissues is increasing due to current trends in population growth, global climate change, 
and decreasing arable land resources (Eckardt et al., 2009). Iron deficiency in humans is a 
global health issue, affecting 1.62 billion people, or about 25% of the world’s population, 
and it is imperative that we gain a better understanding of the mechanisms that plants use 
to regulate iron homeostasis, since these will be important targets for future 
biofortification strategies (McLean et al., 2009; Murgia et al., 2012).  Quantitative trait 
locu (QTL) have been identified for maize grain iron accumulation (Zhang et al., 2017) 
and identification of additional components of the maize iron homeostatic apparatus may 
help to elucidate the genes underlying such QTL.  Although we have learned a great deal 
through the study of model organisms such as arabidopsis, it is important to note that the 
grasses, which include most of the world’s staple grains, use phytosiderophores that are 
secreted into the rhizosphere where they bind and solubilize iron(III) (Tagaki, 1976; 
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Tagaki et al., 1984; Tagaki et al., 1988).  Phytosiderophores are not made or used by non-
grass species. 
Much of the molecular work on iron uptake and homeostasis in grasses has been 
performed using rice, both because of its properties as a model organism and also 
because of the fundamental importance of this species as a crop.  Still, the iron(III)-
phytosiderophores uptake transporter Yellow Stripe1 (YS1), was first identified in maize 
by making use of the excellent genetic resources available in this species (Curie et al., 
2001).  The YS1 gene has been used directly in strategies for engineering biofortification 
with mixed results. In an early study using constitutive expression of barley YS1 in rice, 
plants showed superior growth in alkaline soil conditions but did not contain significantly 
more iron in grains (Gómez-Galera et al., 2012).  Later, barley YS1 expressed in rice was 
shown to promote the preferential mobilization and loading of iron in seeds while 
displacing cadmium and copper (Banakar et al., 2017). At present, two key uptake genes, 
Ys1 and Ys3 (TOM1), for the grass-specific mechanism are understood, as are the genes 
involved in phytosiderophores synthesis, but it is unclear whether additional strategy II-
specific components exist.  If they do, they will need to be discovered directly in grass 
species such as maize. 
Our current knowledge is restricted to a few genes involved in iron acquisition in 
grasses, and this limits development of new approaches for iron biofortication. 
Uncovering other elements of grass-specific iron homeostasis, in addition to Ys1 and the 
phytosiderophores biosynthetic genes, would provide new avenues to develop 
nutritionally-enhanced crops. 
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The maize mutant yellow stripe3 [ys3;(Wright, 1961)], is unable to secrete 
phytosiderophores, although phytosiderophores are synthesized in normal amounts 
(Basso et al., 1994; Lanfranchi et al., 2002). The Ys3 gene in maize is located between 
positions 85,618,053 and 114,789,459 on Chromosome 3 based on two genetic markers 
(IDP3861 and IDP4688) on the IBM2 2008 Neighbors map 
(https://www.maizegdb.org/gene_center/gene/12784). A gene with similarity to TOM1 
(GRMZM2G063306 also called ZEAMMB73_058478) is located within this interval. 
Based on sequence similarity and strong expression during iron deficiency, this gene was 
suggested as a candidate for the locus affected in ys3 mutants (Nozoye et al., 2013; Li et 
al., 2014), but genetic evidence for this assignment has to my knowledge not been 
presented.   
I analyzed mutants listed by the Maize Genetics Cooperation Stock Center as 
yellow and green striped mutants. This phenotype might be related to iron deficiency. I 
performed complementation tests with maize ys1 and ys3 reference mutants to find novel 
ys3 alleles and yellow stripe mutations caused by new genes. This genetic approach 
provided valuable information, first by identifying new alleles for both ys1 and ys3 and 
second by identifying novel yellow-striped mutants.  
The ZmTOM1 locus was analyzed in various ys3 alleles to look for causative 
mutations. By sequencing exonic regions of ZmTOM1, I identified putatively causative 
mutations for the five known ys3 alleles, confirming that Ys3 is ZmTOM1. In addition, I 
identified novel yellow stripe maize mutants that are allelic to neither ys1 nor ys3. Metal 
content was measured in leaves to determine whether iron deficiency caused the 
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phenotype, and complementation testing showed that three novel loci can cause an iron 
deficient yellow striped phenotype in maize. 
 
4.2 Materials and methods 
Methods are presented in the Chapter 2 as follows: Maize plant material and 
growth conditions (2.12), plant genomic DNA extraction (2.13), PCR and sequencing of 
ZmTOM1 in ys3 mutant lines (2.14), real-time PCR analysis (Q-RT-PCR) (2.15), inverse 
PCR (2.16), and metal measurement (2.17). 
 
4.3 Results 
4.3.1 Complementation testing of yellow striped mutants from maize stock center 
The Walker lab obtained 31 mutants classified as having a yellow striped 
phenotype from the stock center. These were planted in the field and phenotypic analysis 
and 21 of these lines showed a phenotype typical of iron deficiency chlorosis.  In the 
other 10 lines, stripes were absent, or instead the leaves were solid yellow or had white 
stripe (Table 4.1). To identify new genes involved in iron uptake in maize, and to identify 
new alleles for ys3, I crossed the uncharacterized yellow stripe mutants onto the reference 
maize mutants, ys1:ref  and ys3:ref.  Due to stunting or sterility of some mutant stocks, I 
was not able to cross these mutants to reference ys1 and ys3 mutants. From the crosses, I 
ultimately identified ten new alleles for ys1 and four new alleles for ys3. Moreover, I 
found three novel yellow stripe mutants: ys*-N2398, ys*-PI228180 and ys*-04HI-
A632XOh43GN-18. Insofar as these are allelic to neither ys1 nor ys3, they might 
represent new maize genes involved in iron uptake or homeostasis. 
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4.3.2 Analysis of the ZmTOM1 coding sequence in ys3 alleles 
Because a gene with similarity to TOM1 (GRMZM2G063306 also called 
ZEAMMB73_058478, here designated ZmTOM1) is located within the genomic interval 
containing Ys3, this gene has been suggested as a candidate for the locus affected in ys3 
mutants (Nozoye et al., 2013; Li et al., 2014). To determine whether the suggested 
candidate gene, ZmTOM1, underlies the long-known ys3 mutant phenotype, I first 
sequenced the exons of ZmTOM1 in all 5 alleles of ys3 (reference allele and the four 
novel alleles identified through complementation tests) to identify putatively causative 
mutations. The ys3 reference from the stock center in fact comprises three lines all 
designated as ys3:ref (304A, 311F and 311G). In all three lines, the ZmTOM1 sequence 
was identical and contained a 4 bp-insertion in exon 9. This insertion causes a frameshift 
followed by 11 novel amino acids before introducing a premature stop codon (Figure 
4.1B). I found a different 4 bp insertion in exon 11 of ZmTOM1 in the ys3:67-2403 allele 
from my screen (Figure 4.1B). This 4 bp insertion causes a frameshift followed by 107 
new amino acids before a stop codon occurs to prematurely terminate the protein. For 
another of the new alleles (ys3:04HI-Oh43XA632-GN-187), I could not amplify 
fragments containing exon 10 and 11, but partial sequences from both exons could be 
obtained. I hypothesized that an insertion could be present between these two exons 
causing failure to amplify that region. Using inverse PCR (iPCR), I identified both left 
and right borders of an insertion containing the characteristic elements of a transposon. 
The inserted sequences were flanked by 8 bp direct repeats and contained 130 bp terminal 
inverted repeats. I aligned the these repeat sequences with the maize reference sequence 
and identified two regions in chromosome 7 annotated as Far1-related sequence 5, which  
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Table 4.1. Yellow- or green-stripe mutants from the Maize Genetics Cooperation Stock 
Center (MGCSC) and results of complementation tests with ys3:ref and ys1:ref. NT 
indicates that allelism was not tested.   
MGCSC 
Number 
Mutation name Phenotype  Allelic to 
ys3:ref 
Allelic to 
ys1:ref 
503A 
503B 
 
ys1:ref chlorotic, often sterile - - 
3812I   ys1-N2261 small, chlorotic No  Yes 
6003B   ys1-8912 small, chlorotic No  Yes 
6003G   ys1-PI267219 small plant, chlorotic No  Yes  
6003I   ys1-5-8(5575) small plant, chlorotic No  Yes 
3812C   ys1-N139B small, severely chlorotic No  Yes 
6003L   ys1-03HI-B73GN-
182 
Chlorotic No  Yes 
6505A   ys1-03HI-
B73xMo17GN-210 
small plant, chlorotic NT Yes 
6505C   ys1-04HI-
A632xOh43GN-137 
Yellow striped plants 
also had crinkled leaves 
No  Yes 
3812B   ys1-N71B chlorotic, asynchronous 
flowering 
No Yes 
304A 
311F 
311G 
ys3:ref chlorotic, sometimes 
sterile 
- - 
6505E   ys3-07IL-B73GN-
279 
Chlorotic Yes No 
6003C   ys3-67-2403 small, chlorotic Yes No  
 
6412B   ys3-04HI-A632GN-
144 
small plant, chlorotic Yes No 
6505D   ys3-04HI-
Oh43xA632GN-187 
Chlorotic Yes  No 
 
3812O   ys*-N2398 chlorotic, chlorosis 
easily reversed by 
spraying leaves with iron 
No  No  
6003D   ys*-PI228180 chlorotic, chlorosis 
easily reversed by 
spraying leaves with 
iron. Yellow stripes 
appear again at time of 
flowering. 
No No  
6505B   ys*-04HI-
A632xOh43GN-18 
small plant, chlorotic No  No  
3812D   ys-N326A pale yellow NT NT 
3812G   ys-N634B pale yellow NT NT 
3812H   ys-N2000 pale yellow NT NT 
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3812J   ys-N2268 oil yellow—not striped No No  
3812K   ys-N2300 White striped NT NT 
3812M   ys-N2361 no yellow or striped 
phenotype observed 
NT NT 
3812N   ys-N2379 no yellow or striped 
phenotype observed 
NT  NT 
6003K   ys-03HI-
B73xMo17GN-1123 
Poor germination; 
Stripes not observed 
NT NT 
6005L   yel-str-W23 pale yellow NT NT 
6003F   ys-PI262475 small plant, yellow, not 
striped 
No  No  
6003A   ys1-1479 Chlorotic No  Yes 
6003E   ys*-PI262172 Stunted, chlorotic No  No 
6003J   ys?-68-1354 small plant, chlorotic No  NT 
6412C   ys?-07IL-B73GN-
171 
yellow striped plants 
died 
NT No 
3812L   ys?-N2303 small, chlorotic, poor 
fertility 
No  NT 
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corresponds to a Mutator-like transposable element (MULE). MULE transposons 
generate 8 to 10 bp target sequence duplications and have terminal inverted repeats of 
greater than 100 bp. Thus, the insertion has all the elements expected for a MULE 
transposon inserted in the ys3:04HI-Oh43XA632-GN-187 allele (Figure 4.1B). For the 
another of the new ys3 alleles, a one nucleotide change at the exon-intron border for exon 
5 of ys3:04HI-A632GN-144 was observed. Likewise, a one-nucleotide change near the 3’ 
end of exon 9 was observed in ys3:07IL-B73GN-279.  I hypothesized that splicing could 
be affected for these two alleles, and so investigated ZmTOM1 transcript levels in the 
roots of these plants using Q-RT-PCR. Expression of ZmTOM1 was observed in both 
ys3:04HI-A632GN-144 and in ys3:07IL-B73GN-279 (Figure 4.2). Since the ZmTOM1 
transcript was observed, I speculated that altered splicing due to the mutations might be 
leading to aberrant ZmTOM1 mRNA, so I sequenced the full-length cDNA from each 
mutant line. I confirmed that the one-nucleotide change in ys3:04HI-A632GN-144 altered 
the splice donor site. The mutation causes splicing to occur at a new donor site three 
nucleotides into the adjacent intron (Figure 4.3A). As result, one additional amino acid is 
inserted without affecting the reading frame. The amino acid is inserted in a strongly 
conserved region which could lead to a non-functional protein. In the ys3:07IL-B73GN-
279 allele, the single nucleotide change occurred at the first nucleotide of intron 9, 
changing the splice donor site from GT to AT. In the mRNA produced by this allele, a 
new splice donor site is recognized 21 nucleotides upstream from the original donor site 
in exon 9 (Figure 4.3B). The resulting amino acid sequence is thus missing 7 residues in a 
strongly conserved region. Taken together, these results show clear genetic evidence that 
the Ys3 gene is ZmTOM1. 
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4.3.3 Analysis of the novel yellow striped maize mutants   
To evaluate whether the yellow striped phenotype in ys* mutants is due to low 
iron, I analyzed metal levels in leaves of three of the mutants. The ys*-PI262172 mutant 
was not included in this analysis, because its stunted growth prevented obtaining 
sufficient material for this experiment. Visual inspection of the leaves of 12-day-old wild 
type and mutant plants indicates differences in the severity of chlorosis, with ys*-
PI228180 having mild chlorosis and ys*-04HI-A632XOh43GN-18, ys1:ref, and ys3:ref 
having the most marked chlorosis (Figure 4.4).  In all three ys* mutants tested, the levels 
of iron were significantly lower than wild type (Figure 4.4) indicating that the plants are 
iron-deficient. Control ys1 and ys3 plants are also low in iron, as expected.  
  In a segregating population of ys*-04HI-A632XOh43GN-18 mutants, the iron 
concentration in yellow stripe siblings was less than half (42%) that of wild-type siblings. 
The iron concentration in ys*-04HI-A632XOh43GN-18 was significantly lower even than 
ys1 and ys3, indicating a substantial alteration in iron homeostasis in these plants. For 
ys*-PI228180 and ys*-N2398, iron levels were higher than either ys1 or ys3, but were 
still significantly lower than the amount in wild-type control plants. I also measured the 
zinc and manganese concentrations in leaves (Figure 4.4).  Altered iron homeostasis often 
causes alterations to the levels of other metals. For example, ys1 and ys3 mutants, which 
are clearly impaired in iron uptake, have higher zinc and manganese contents than wild-
type plants (Figure 4.4).  It is possible that this occurs because phytosiderophores 
secretion or uptake directly affects the uptake or translocation of these metals, but it is 
also possible that the mechanism is indirect. Like ys1 and ys3 mutants, ys*-04HI-
A632XOh43GN18 and ys*-N2398 plants have higher manganese and zinc than wild-type  
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Figure 4.1. ZmTOM1 sequence analysis.  
A) Overview of ys3 locus and gene model of ZmTOM1 showing ys3 mutant alleles. 
Exons are indicated by black boxes and position of mutations in ys3 alleles by black 
triangles. B) Genomic sequences and predicted translation of ys3:ref and ys3:67-2403 
alleles. Wild-type sequence is shown for comparison. For ys3:04HI-Oh43XA632GN-187, 
genomic sequence of insertion is shown and an 8 bp sequence repeat flanking the 
insertion is underlined. 
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Figure 4.2. Quantitative Real-Time PCR analysis of ZmTOM1 in ys3-04HI-A632GN-144 
and ys3-07IL-B73GN-279.  
Fold change was calculated by comparative ΔΔCt analysis. ZmGAPDH was used as an 
endogenous control to normalize Ct values and B73 was used as the reference sample. 
Error bars represent 95% confidence intervals from S.E.M of three biological replicates. 
Significant differences as calculated by Welch’s t-test are indicated, with p<0.05 (*) 
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Figure 4.3. Sequence of ys3 mutations suspected of causing altered splicing.  
Boxes indicate exon sequences. Nucleotide changes relative to B73 reference sequence 
are indicated in red. Red underlined sequences are the splice donor and acceptor sites 
used in wild type and in the two mutant ys3 alleles. Genomic DNA (gDNA) and cDNA 
sequences with their predicted translation are shown. A) ys3:04HI-A632GN-144 B) 
ys3:07IL-B73GN-279 alleles. The inset rectangles show alignments of the corresponding 
amino acid sequences of TOM1 From barley, rice and maize showing conserved regions, 
an * indicates an amino acid identical in all three species; a : indicates an amino acid that 
is conserved in all three species. 
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Figure 4.4.  Selected ys* mutant phenotypes and iron concentration.  
A) Leaves of 12-day-old greenhouse-grown plants. 1, Wild type; 2, ys*-N2398; 3, ys*-
04HI-A632XOh43GN-18; 4, ys*-PI228180; 5, ys1:ref; 6, ys3:ref. ICP-MS measurement 
of the iron content of B) ys*-PI228180,  C) ys*-04HI-A632XOh43GN-18, and D) ys*-
N2398. ICP-MS measurements of the Mn and Zn content of E) ys*-PI228180, F) ys*-
04HI-A632XOh43GN-18, and G) ys*-N2398. Error bars represent standard error of the 
mean (n=10). Significance was addressed using the Mann-Whitney test. * indicates 
significant difference from wild type (p<0.05,),** indicates significant difference from 
wild type (p<0.001), and *** indicates significant difference from wild type (p<0.0001). 
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Table 4.2. Complementation test results among ys* mutants 
MGCSC 
number 
Mutation name Allelic to 
ys*-
N2398 
Allelic to ys*-
04HI-
A632XOh43GN-18 
Allelic to 
ys*-
PI228180  
3812O ys*-N2398 - No No 
6505B  ys*-04HI-
A632XOh43GN-18 
No - No 
6003D  ys*-PI228180  No No - 
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plants. For ys*-PI228180, the zinc concentration in leaves is not significantly different 
from wild-type plants; the manganese concentration is slightly but significantly lower 
than that of the wild type controls, and much lower than of the ys1 and ys3 mutants. 
I note that the soil batch used for growth of the ys*-04HI-A632XOh43GN-18 and ys*-
N2398 plants and their controls was different from the batch used to grow ys*-PI228180 
and its controls. 
 
4.3.4 Complementation tests among ys*mutants 
I performed crosses among three of the four identified ys* mutants to determine 
how many loci are represented by these three mutants. The ys*-PI262172 mutant was not 
included in this analysis, because its stunted growth prevented my obtaining the 
appropriate crosses.  F1 seeds were grown in the greenhouse and the phenotypes were 
recorded. I found complementation among all crosses performed in ys* mutants, 
indicating that they do not represent alleles of the same gene. These results show that I 
have identified three novel genes involved in iron homeostasis (Table 4.2). 
 
4.4 Discussion 
4.4.1 Identification of the Ys3 gene 
Maize ys3 mutants lack the ability to secrete phytosiderophores (Lanfranchi et al., 
2002). ZmTOM1 has been proposed as candidate gene for Ys3 because of its function as a 
phytosiderophores effluxer (Nozoye et al., 2011) and its location within the same map 
interval as the genetically identified ys3 mutant allele.  Previous reports analyzing the ys3 
transcriptome during iron deficiency suggested reduced expression and alternative 
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splicing of ZmTOM1 (Nozoye et al., 2013). However, this approach could not definitively 
assign ZmTOM1 as the Ys3 gene, since other genes (ZmMATE3/ZmPEZ1) had reduced 
expression in ys3 mutants, and mutations in ZmTOM1 were not identified. Here, I was 
able to show that multiple alleles of ys3 could be found among the yellow-striped mutants 
held at the maize stock center, and that each of these carries a mutation plausibly 
expected to curtail if not abolish the function of the ZmTOM1 protein. 
 
4.4.2 Three novel yellow-stripe maize mutants 
In this study we identified three novel yellow-stripe mutants whose phenotype is 
apparently caused by low iron content. These mutants represent three different loci 
involved in iron homeostasis. Genetic mapping to identify the underlying genes 
responsible for the yellow striped phenotype in these mutants will reveal unknown 
elements of the iron homeostasis machinery and may provide new options for 
biofortification.   
Initially, it appeared as though screening of the stock center’s mutant collection 
had reached saturation since multiple alleles for both ys1 and ys3 were obtained. 
However, three novel loci contributing to iron content in leaves were identified, 
indicating that saturation mutagenesis has likely not been reached and additional genes 
causing an iron-deficiency-induced yellow-stripe phenotype could be uncovered through 
additional screening.  Genetic mapping of the three ys* mutants is underway to discover 
the genes responsible for these interesting metal homeostasis phenotypes. Future work 
will also include tests to indicate whether additional iron supply or direct iron supply to 
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the leaves can alleviate the ys* phenotypes, as well as tests of the iron concentration in 
grains of the mutant plants to see whether this iron concentration is altered in the mutants. 
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CHAPTER 5 
GENERAL DISCUSSION 
 
There are still many unanswered questions regarding iron primary uptake and 
how this nutrient reaches its destination to different plant tissues. For instance, the 
transporter responsible for phytosiderophores efflux from root cells to the soil was 
unknown until this work, but how phytosiderophores are transported to the soil, and how 
iron(III)-phytosiderophores complexes reach the phloem and xylem remain questions to 
be addressed. 
 Several studies in arabidopsis and rice have revealed aspects of iron acquisition 
and movement within the plant, as well as differences between grasses and other types of 
plants in maintaining iron homeostasis. To date, we know the role of phytosiderophores 
in iron uptake in graminaceous plants, and recent evidence points to possible 
phytosiderophores functions in long-distance iron transport through the xylem (Ariga et 
al., 2014), as well as a role in iron transport via phloem (Nishiyama et al., 2012). Once it 
is taken up from the soil, iron needs to travel through different types of cells and tissues, 
by both apoplastic and symplastic paths. 
The detailed molecular mechanism of phytosiderophores secretion is one of the 
aspects of the iron acquisition machinery that is still unclear. The localization of the 
phytosiderophores transporter could shed light on the mechanism of phytosiderophores 
secretion. Some data suggest phytosiderophores secretion through vesicle transport 
(Negishi et al., 2002). The localization of TOM1 could point out whether TOM1 loads 
phytosiderophores into secretory vesicles, or instead resides in the plasma membrane, 
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where TOM1 might directly transport phytosiderophores to the rhizosphere. At the 
beginning of my work, I generated transgenic plants over-expressing a BdTOM1-GFP 
translational fusion to study TOM1 subcellular localization and any phenotype associated 
with the over-expression of BdTOM1. I expected to decipher BdTOM1 localization to 
offer an answer to this question. Unfortunately, I did not obtain optimal transgenic lines, 
and I was not able to detect a clear phenotype (Figure 3.5) or subcellular localization of 
BdTOM1-GFP. As discussed in Chapter 3, transgene silencing could occur due to 
multiple insertions and position effect, drawbacks of the broadly-used Agrobacterium-
mediated transformation. I obtained a low number of events during the transformation 
process, and the screening of a more significant number of events could offer a solution 
to the transgene silencing issues I faced.  
I think the study of BdTOM1-like transporters, such as BdTOM1.2, is a step 
forward to understanding how phytosiderophores are fed into different tissues such as 
xylem and phloem, where iron(III)- phytosiderophores complexes have been detected 
(Nishiyama et al., 2012; Ariga et al., 2014). Thus, TOM1-like transporters are good 
candidates to mobilize phytosiderophores in different tissues, as suggested by studies in 
rice (Nozoye et al., 2011; Nozoye et al., 2015). By generating transgenic plants over-
expressing BdTOM1.2-GFP, I aimed to address the function of this transporter. However, 
I was unable to recover transgenic plants, and I could not move forward in the 
characterization of BdTOM1.2. The advent of new technologies such as CRISPR-Cas9, 
and its different variations, allows inducing targeted mutations in the desired locus. Even 
more, CRISPR-Cas9 could be designed to introduce mutations in multiple loci using a 
single construct, an approach which circumvents functional redundancy of multigene 
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families. Generating loss-of-function BdTOM1-like brachypodium mutants could be an 
approach to address questions regarding the role of members of the BdTOM1-like family 
on distributing phytosiderophores and in iron homeostasis overall in grasses. Every piece 
of information generated in studying iron homeostasis contributes to cementing the way 
to establish optimal strategies for iron biofortification. 
Another unanswered question about strategy II for iron uptake had been the 
identity of the transporter responsible for mobilizing phytosiderophores to the 
rhizosphere. The identification of an apparent phytosiderophores effluxer, TOM1, from 
rice and barley led to proposing it as a candidate gene for the missing piece in the iron 
uptake strategy in grasses. However until this work, there was no clear evidence to link 
TOM1 to this role in planta. For decades, the maize ys3 mutant has been of interest as 
this mutant cannot secrete phytosiderophores, even though phytosiderophores synthesis is 
unaffected. I identified the underlying mutant gene causing the ys3 phenotype and 
provided genetic evidence that ZmTOM1 is the Ys3 gene. Through the analysis of the 
ZmTOM1 locus, multiple ys3 mutations in the coding (Figure 4.1) and exon-intron 
junction (Figure 4.3) regions were identified. These mutations are expected to disrupt 
ZmTOM1 protein function, and so the identification of multiple ys3 mutant alleles, each 
with an obvious deleterious mutation in ZmTOM1, confirms the role of TOM1 in 
phytosiderophores secretion. Another exciting result that came from my research was the 
identification of three novel yellow striped mutants of maize (Table 4.1), all having low 
iron content in the leaves (Figure 4.4), that represent three different loci (Table 4.2). 
Future experiments will include the mapping and identification of these ys* genes, as 
well as the characterization of these mutants to determine whether their iron deficiency is 
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caused by a defect in primary iron uptake, long-distant transport, or other process. 
Notably, ys* mutants could have defects in the regulation of iron-deficiency-associated 
genes. These investigations should expand our knowledge of iron homeostasis in grasses 
and may provide more options for crop improvement through genetic engineering or 
breeding approaches. 
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